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Abstract
The previously developed Diverging Cusped Field Thruster (DCFT) has undergone
further investigations and performance characterization. The DCFT is a magneti-
cally confined plasma thruster that uses cusped magnetic fields to confine electron
flow and reduce losses to the walls. The magnetic confinement of the plasma away
from the walls also reduces wall erosion to increase thruster lifetime. Additionally,
modifications to the original DCFT have increased robustness and decreased mass
to become more desirable for space flight. Research on reducing the plasma plume
divergence of the thruster by altering the magnetic field has also been performed.
The DCFT has exhibited competitive thrust and efficiency performance when
compared to typical Hall thrusters of similar size. Specifically, the anode efficiency
reached a maximum of 39.3% providing 11.8 mN of thrust with a specific impulse of
1436 s. The xenon mass flow rate to the anode was 8.5 standard cubic centimeters
per minute, and the power consumption was 210 W. Two distinct modes, as well as a
“mixed” mode, were observed during performance testing and had significant, though
not completely predictable, effects on thruster performance. The modes differ in
plasma diffusivity and anode current. Facility effects, such as chamber back pressure
and cathode coupling, on performance were also briefly researched.
In order to characterize the performance of the DCFT, the Milli-Newton Thrust
Stand (MiNTS) was developed. The MiNTS is a non-conventional torsional-style
thrust stand capable of measuring thrust in the range of 3 to 20 mN with an accuracy
of up to ±0.2 mN. Calibration of the stand is necessary to map the output of the
MiNTS to the force felt by it. A calibration stand was designed to apply a known
force to the MiNTS using weights. The MiNTS is controlled by a Labview Virtual
Instrument that can measure and counteract the force of the DCFT. Drift forces due
to external connections to the MiNTS and thermal transfer from the DCFT are also
studied, and processes for negating the drift forces are provided.
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Chapter 1
Introduction
This thesis investigates the performance characteristics of a Diverging Cusped Field
Thruster (DCFT) developed at the Massachusetts Institute of Technology (MIT)
Space Propulsion Laboratory (SPL) to determine its application as a potential space
propulsion system. For this purpose, the Milli-Newton Thrust Stand (MiNTS) was
developed capable of measuring the force output of the DCFT which is on the order
of a few millinewtons. In this introduction, chemical and electric propulsion systems
and their motivations are briefly discussed followed by a more in-depth description of
electrostatic propulsion. Thrust measurement systems for electric propulsion systems
are also addressed. Next, an overview of the research objectives is presented. Finally,
an outline is provided for the rest of this thesis.
1.1 Chemical v. Electric Propulsion
The two general categories of current spacecraft propulsion systems are chemical
and electric propulsion. Chemical thrusters use the combustion of propellant during
chemical reactions. The products of the combustion are expanded through a nozzle
as they leave the engine. Chemical thrusters are characterized by high thrust to mass
ratios, examples being solid rocket boosters, liquid bi-propellant engines, and liquid
mono-propellant engines, making them well suited for missions that require high
thrust or where time is a constraint. For those reasons, chemical rockets continue
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to be used for launches, impulsive orbit transfers, and rapid maneuvering. While
chemical rockets are preferable for quick acceleration, they suffer from low specific
impulse, the ratio of thrust to propellant consumption.
It is clear from Equation 1.1 that high specific impulse rockets effectively use their
propellant to create high thrust relative to their fuel consumption. The benefits of
high specific impulse for missions are more readily seen in Equation 1.2. For a given
amount of propellant, a higher specific impulse correlates to a higher overall velocity
change over the course of a mission. Chemical rockets generally have specific impulses
of 500 seconds or lower making them unsuited for missions where a large fuel mass is
unacceptable.
Isp =
F
m˙g
(1.1)
Mp
Mo
= 1− e− ∆VgIsp (1.2)
Electric propulsion uses electric energy to accelerate propellant for thrust genera-
tion. Electric thrusters have proven to be an efficient alternative to chemical thrusters
in space. Despite reduced thrust levels, electric thrusters provide significantly higher
specific impulses ranging from hundreds of seconds to the upper thousands of seconds.
Higher specific impulses allow for long duration, high delta-V missions with lower fuel
consumption, so electric thrusters are primarily used for missions where low thrust is
acceptable but high delta-V is required. Examples include station-keeping and deep
space missions. Various types of electric thrusters have been developed offering a
wide range of thrust levels and efficiencies. For further review of electric propulsion
and its applications, see Martinez-Sanchez [9].
1.2 Electrostatic Propulsion
Electrostatic thrusters accelerate charged particles through a potential drop to pro-
duce thrust. Generally, positive ions are accelerated through the electric field, al-
though some thrusters use negatively charged particles. However, all thrusters must
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use some sort of neutralization to prevent the build-up of charge on the spacecraft.
The main forms of electrostatic propulsion currently are gridded ion engines, hall
thrusters, and electrospray emitters [9].
Gridded ion engines have separate ionization and acceleration regions. In the
ionization region, the propellant is ionized through electron impact ionization. Two
grids are used to create the acceleration region. Ions are able to pass through the first
grid and are accelerated through the potential drop between the two grids producing
a collimated ion beam while electrons are repelled away from the grid. While most ion
engines operate with a high specific impulse and efficiency, the main drawback is the
space-charge limitation of the ion beam between the grids limiting thrust density [10].
The gridded ion thruster NSTAR was the first electric thruster to be used as a primary
propulsion source and was used on the Deep Space One satellite [11].
(a) Cutaway view of a gridded ion en-
gine.
(b) The NSTAR gridded ion engine firing [12].
Figure 1-1: The gridded ion engine has been the primary electrostatic thruster in the
U.S.
Hall thrusters use magnets to confine electrons in the thruster for impact ion-
ization. Hall thrusters also accelerate the ions through a potential drop but do so
quasi-neutrally so that they do not suffer from the space-charge limit as do gridded
ion engines and can attain higher thrust densities [10]. The first Hall thruster flown
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in space was aboard the SMART-1 satellite in 2003 [13]. It is important to note that
both gridded ion engines and Hall thrusters use cathodes to supply the electrons for
the impact ionization as well as the neutralization of the ion beams.
(a) The 200 W Busek Hall Thruster (cath-
ode not shown) [7].
(b) The BHT-200 firing [7].
Figure 1-2: The BHT-200 was the first U.S. flight qualified Hall thruster.
Electrospray emitters use ionic liquids as a propellant. The ionic liquid is used to
wet an emitter, and a voltage is applied between the emitter and a grid to accelerate
the liquid and produce thrust. Electrospray thrusters operate in both positive and
negative modes which are alternated to maintain spacecraft neutrality. Electrospray
emitters are placed in densely packed arrays since the thrust from each emitter is
usually on the order of a micronewton [10]. Electrospray emitters can be most useful
to microsatellites due to their compact size or other missions that require precise
thrust output.
1.3 Thrust Measurement
For any newly developed thruster, it is important to obtain the performance char-
acteristics to determine what type of missions the thruster is best suited. These
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Figure 1-3: Hundreds of electrospray emmiters are densely packed into an array.
measurements for electric propulsion are particularly difficult since the force pro-
duced is often several orders of magnitudes lower than the weight of the thruster
itself and the measurements must be done in vacuum. Several methods for electric
propulsion thrust measurement exist; the two most common being pendulum-style
and torsional-style thrust stands.
The pendulum-style thrust stands generally are hanging or inverted, although
some cases require long-period pendulum stands. For more on long period pendu-
lum stands, see Wilson [14]. The main difference between the hanging and inverted
pendulums is the effect of gravity on the measurements. Performing torque balances
on both types of stands, in Equations 1.3 through 1.6 for the hanging pendulum and
Equations 1.7 through 1.9 for the inverted pendulum, shows that gravity increases
the sensitivity of inverted stands while it decreases the sensitivity in hanging stands
which is useful in damping oscillations. Inverted pendulums also require active con-
trol as they are inherently unstable [15]. It can also been seen in the torque balances
that long arms and low spring stiffness are desirable for high sensitivity. Diagrams of
both styles can be seen in Figure 1-4.
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For a hanging pendulum:
Στ = FT −mgl sin θ − kθ = 0 (1.3)
Using the small angle approximation:
x
l
= sin θ ≈ θ (1.4)
FT l = mglθ + kθ (1.5)
x =
FT l
2
k +mgl
(1.6)
For an inverted pendulum:
Στ = FT +mgl sin θ − kθ = 0 (1.7)
FT l = kθ −mglθ (1.8)
x =
FT l
2
k −mgl (1.9)
Torsional-style stands use a counterweight opposite the thruster and allow the
system to rotate freely about the pivot, or flexure, in the center of the arm. If the
counterweight is perfectly matched such that the center of mass of the system is at
the center pivot, the stand is insensitive to all linear vibrations and two of the three
components of rotational vibrations making it one of the most robust type of thrust
stands [16]. In practice, however, it is difficult to place the counterweight such that
the center of mass is exactly at the central pivot; but even if the center of mass is
slightly offset, the torsional stand is less affected by noise from vibrations than any
of the pendulum styles [16]. Looking at the torque balance for the torsional stand in
Equations 1.10 through 1.12, it can be seen that the sensitivity is only dependent on
arm length and pivot stiffness. One drawback of the torsional stand is the rotation of
the thrust vector which is problematic if it is not properly accounted for. A diagram
of a torsional stand is shown in Figure 1-5.
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Figure 1-4: The inverted pendulum (left) and hanging pendulum (right) thrust stands.
For a torsional stand:
Στ = (FT +mgθ)l −mglθ − kθ = 0 (1.10)
θ =
FT l
k
(1.11)
x =
FT l
2
k
(1.12)
1.4 Research Objectives
The goal of this project was to characterize the DCFT performance (efficiency, specific
impulse, thrust) for a wide range of anode voltages and propellant flow rates to a high
degree of certainty. A secondary goal was to develop a reliable thrust stand capable
of accurately measuring the thrust of low power Hall-type thrusters for use in the
Space Propulsion Laboratory. The primary motivation for characterizing the DCFT
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Figure 1-5: The torsional-style thrust stand.
is to determine its potential as a thruster for low power satellites. Facility effects
are considered in the performance analysis. Potential changes for optimization of the
performance of the DCFT were also suggested.
1.5 Outline
Chapter 2 of this thesis details the design and operation of the MiNTS developed for
taking performance measurements of the DCFT. Chapter 3 provides background on
the development of the DCFT and changes made to it as well as motivation behind
further research on the DCFT. The performance of the DCFT and an analysis of the
results are presented in Chapter 4. Finally, a summary of the work and recommended
future work is provided in Chapter 5.
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Chapter 2
Milli-Newton Thrust Stand
Overview
This chapter will discuss the evolution and the design of the Milli-Newton Thrust
Stand developed for testing the DCFT. A brief background of thrust measurement will
first be provided followed by the initial design selection and analysis of the MiNTS.
This thesis will then discuss previous thrust stand designs used in the Space Propul-
sion Laboratory and problems encountered with those designs. An in-depth descrip-
tion of the criteria used for creating the MiNTS design will also be presented, such
as the selection of arm length and flexure stiffness. The equipment choices for the
force actuation and displacement measurement for the stand will also be discussed. A
brief description of the Labview Virtual Instrument (VI) code and Control Box used
for operating the MiNTS will be given. This section also includes the design of the
calibration stand necessary for providing the map of the thrust stand’s response to
forces on it as well as an examination of the calibration curves obtained. Finally, an
analysis of thermal effects on the MiNTS is provided.
2.1 Thrust Measurement Background
Performance mapping is a crucial part of research on any thruster; however, accurately
characterizing thrust, specific impulse, and efficiency can be very challenging for
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electric thrusters which produce a force that is only a small fraction of the thruster’s
weight. Small-force thrust stands designed so far predominantly use the displacement
caused by the engine to measure the thrust. However, due to the large range of thrusts
produced by the many different forms of electric thrusters, no single design is suited
to all thruster types. In addition to the variety of thrusters, facility requirements
often necessitate custom stand designs; however, the general principles remain the
same. For a design to focus on displacement, the thruster must be attached to a
section of the stand that has relatively unrestricted motion to some degree to provide
either linear or rotational displacement. This floating section is attached to a fixed
base through some sort of flexure or spring. Engine thrust is then determined from
the displacement and flexure spring constant.
Some stands use a force actuator and a feedback loop in order to maintain the
floating section of the stand at a fixed position by applying a canceling force to
the stand. As the thrust output of the engine changes, the feedback loop adjusts
the opposite cancellation force to maintain the neutral position. This is commonly
referred to as null balance operation. With this modification, knowledge of the pivot
stiffness is no longer necessary and only the location of the force vectors is needed to
determine the engine thrust after a calibration of the stand [17].
While the basic design of a displacement stand is not very complex, there are a
number of challenges that must be addressed in the design due to the extreme sen-
sitivity of the stand. A number of external factors can produce noise on the order
of, or even greater than, the amount of thrust produced by the engine. Gravity is
problematic since engine weight is often several hundred times greater than the thrust
produced, often making it necessary to separate the two forces. If both forces are in
the same direction, any amount of uncertainty in pivot stiffness and displacement
could have large effects on the force. Another main challenge to small-force mea-
surement is caused by laboratory vibrations. The inertia of the heavy thruster can
cause the floating section of the stand to rock during vibrations on the same order of
magnitude as the engine’s thrust. Eliminating vibrations can be done by some sort
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of damping mechanism or a counterweight to control the center of mass of the stand.
The stand can be displaced due to a vibration.
xb = x¯b sin(ωt) (2.1)
Such a displacement would cause an incorrect thrust reading:
Fx = mthrusterx¯bω
2 sin(ωt) (2.2)
External connections to the floating section of the stand or thruster can add
unknown stiffness to the stand. Fuel lines to the thruster may stiffen as propellant
is fed through them, or electrical connections to the stand and thruster may shift or
deform during a test campaign. These changes in the connections can even cause the
stand to register non-zero force while the thruster is off. External connections can be
draped and coiled to provide the least amount of resistance and stiffness to the stand;
however, the only way to completely eliminate their effects is to connect them through
the flexures. Connecting the lines through the flexures does not allow them to add
significant stiffness to the flexures; however, this can be difficult as many flexures
have complex designs that do not allow connections to be made through them.
Another issue for all thrust stands is heat transfer. All thrusters produce some
amount of waste heat that can be transferred to the thrust stand via radiation and
conduction. The heat transferred to the stand can affect the stand in several ways,
such as changing the stiffness of the flexures or causing interface issues between dif-
ferent materials that have different rates of expansion. Since stands often rely on
displacement measurements of less than a millimeter, expansion of the thrust stand
materials can cause a force to register even when there is none. Deformation of
the flexures can add an unexpected force to the stand. These changes add some
uncertainty, or drifts, to the stand such that the system is no longer fully known. Ac-
counting for these drifts is important for accurate and repeatable results. Some thrust
measurement systems account for thermal drifts by actively cooling the stand so that
it remains at a constant temperature. Other systems thermally isolate the thruster
so that the amount of heat transferred to the stand can be assumed to be negligible;
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however, this method can cause other issues since most of the heat is retained in the
thruster body which could potentially cause variations in performance.
Since electric propulsion technology began to receive more attention, numerous
thrust stands have been developed to address a wide range of challenges. One of the
earlier thrust stands developed in the 1970s was the Micropound Extended Range
Thrust Stand (MERTS) created at NASA’s Goddard Space Flight Center for the
purpose of testing pulsed plasma thrusters (PPTs). MERTS was one of the first tor-
sional stand designs and was capable of measuring forces in the 50 micronewton range
with an accuracy of 1 micronewton. MERTS used both null balance and displace-
ment to measure a wide range of thrust and included damping to mitigate vibrational
noise [18].
Thomas Haag created an inverted pendulum thrust stand for high power magne-
toplasmadynamic (MPD) thrusters at NASA’s Lewis Research Center in the 1980s.
This stand included active water cooling lines to the thruster due to large amounts
of waste heat produced by the thruster. This stand had a very long arm length of
150 cm in order to ensure the deflections due to thrust were much larger than thermal
and vibrational drifts [19].
Several researchers at the University of Illinois at Urbana-Champaign developed
a compact long period pendulum thrust stand for the purpose of testing heavy PPTs.
The long period pendulum was chosen to avoid the need for counter-weighting the
stand since it was intended for testing thrusters with a mass of up to 50 kg. Without
a counterweight, the stand required a vibrationally isolated platform to reduce back-
ground noise. The stand measured thrust in the range of 150 micronewtons using
stand displacement [14].
A research group from USC created a torsional stand in 2001 capable of measuring
thrust in the tens of nanonewtons, a large improvement over previous technologies.
The stand measured thrust using a displacement sensor 60 cm from the center pivot
for high resolution. The stand also avoided adding unknown stiffness from mechanical
connections by using an oil bath as a means to transfer propellant across the stand.
The oil bath also provided viscous damping [20].
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2.2 Initial Design Selection and Preliminary Anal-
ysis
A few requirements were considered in the initial design selection of the MiNTS. Since
the MiNTS was designed with the purpose of testing the DCFT, it was necessary for
the stand to be able to hold the weight of the DCFT as well as have the proper amount
of sensitivity to measure forces in the range produced by the DCFT. The DCFT and
cathode arrangement weighs approximately 2 kg and the expected thrust range based
on previous testing was from 6 to 16 mN. The DCFT can only be operated in vacuum
so the MiNTS could only use vacuum-safe, low out gassing components. Specifically,
the stand also needed to be designed with the MIT SPL vacuum chamber ASTROVAC
in mind. The chamber had limited space for mounting a stand and initially only
a 10 inch×10 inch floor space with 1 meter of vertical space was guaranteed for
stand placement in the chamber. ASTROVAC also has several pumps that cause
vibrations in the chamber, so the MiNTS would need to be insensitive to these external
vibrations.
From these requirements, it was determined that a counterweighted stand was
necessary to address the vibrations from the chamber pumps. The structure of the
stand would be primarily made of aluminum and stainless steel since they are safe
to use in vacuum systems. Long arms were desired to increase sensitivity; however,
due to the space constraints within ASTROVAC, a traditional torsional stand with
the arms parallel to the ground could not be used. The MiNTS was designed with
the arms perpendicular to the ground such that is looks like a combination of the
inverted and hanging pendulum stands. Since most flexures are able to support only
a small amount of weight, the stand was designed with four arms so that the weight
of the DCFT and counterweight could be split among several flexures. Four arms also
allowed for flexures to be used in attaching the top and bottom plates that supported
the DCFT and counterweight, respectively. This allowed for the top and bottom
plates to remain parallel to the ground even while the rest of the stand rotated. This
prevented any uncertainty in the thrust vector by maintaining it in the direction
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parallel to the ground even if the rest of the stand rotated while acted upon by a
force.
The final consideration in the preliminary design selection was the unknown stiff-
ness added to the MiNTS by electrical and propellant lines. Preventing any addition
of stiffness to the stand from the external connections would have required connecting
them through both the central pivots as well as the top plate pivots. Connecting two
propellant lines and four electrical lines through two sets of pivots was expected to
be extremely difficult, if not impossible, so a system for draping and coiling the lines
in the chamber was created instead. Since the draped lines would add some unknown
stiffness to the system that would even potentially be different for each test campaign,
the use of the null balance design was decided upon so that the unknown stiffness
would not affect thrust measurement. A basic schematic of the MiNTS design is
shown in Figure 2-1.
Figure 2-1: Schematic diagram of the MIT Milli-Newton Thrust Stand design and
basic operating principles. The voice coil maintains null balance.
It was also expected that knowledge of the location of the cancellation force was
unnecessary and that the cancellation force would be equal to the thrust force from the
DCFT regardless of any horizontal offset between the forces. A simplified analysis
in Equations 2.3 through 2.19 of the stand free body diagram included below in
Figure 2-2 shows this to be true.
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Figure 2-2: A free body diagram of the MiNTS preliminary design.
Assumptions: no torques at any joint, no horizontal force on bottom plate, system
center of mass at C, stand has four legs
Performing force balances:
Bottom platform:
V ′1 = V
′
2 =
W
4
(2.3)
Left bars:
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vertical
V1 + V
′
1 = V1 +
W
4
= VH1 (2.4)
horizontal
HH1 = H1 (2.5)
moment about hinge
H1L = 0 (2.6)
therefore
HH1 = H1 = 0 (2.7)
Right bars:
similar analysis as left bars
V2 +
W
4
= VH2 (2.8)
HH2 = H2 = 0 (2.9)
Top platform:
vertical
2(V1 + V2) = W (2.10)
horizontal
Fc = F +H1 +H2 (2.11)
moment about C
Fh+ Fchc + (V1 − V2)L
2
+ (H1 +H2)L = 0 (2.12)
Using Equations 2.7 and 2.9
Fc = F (2.13)
So the calibration force equals the thrust force despite the misalignment between h
and hc.
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Secondary analysis:
V1 + V2 =
W
2
(2.14)
V1 − V2 = 2
L
(Fchc − Fh) (2.15)
V1 =
W
4
+
hc − h
L
F (2.16)
V2 =
W
4
− hc − h
L
F (2.17)
VH1 =
W
2
+
hc − h
L
F (2.18)
VH2 =
W
2
− hc − h
L
F (2.19)
It is important to note that even if there is preloading in one of the pivots, the forces
will no longer be equal but will differ by only a constant that can be removed by a
fixed tare.
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2.3 Previous SPL Thrust Stand Designs
Previous thrust stands had been developed in the Space Propulsion Laboratory and
a brief description of each is included. Concepts from both past designs were used in
the final design selection of the current stand.
2.3.1 2003 Design
The first thrust stand constructed in the Space Propulsion Laboratory was designed
by Jareb Mirczak in 2003 [17]. Mirczak designed a counterweighted torsional stand for
low power Hall thrusters with the intent of using it in the low gravity of space as part
of a Space Shuttle secondary payload experiment. The stand, shown in Figure 2-
3, used the null balance design with a feedback loop using a displacement sensor
and a voice coil actuator [17]. The stand was fairly compact to meet payload sizing
requirements and had an arm length of only 20 centimeters. The arms were parallel
to the ground and the thrust vector was perpendicular to the ground such that the
thruster would fire away from the ground. Two central pivots attached the floating
arm to the base to allow for rotation.
Figure 2-3: The thrust stand designed by Jareb Mirczak in 2003.
This thrust stand encountered a number of problems making it difficult to obtain
accurate measurements. The first problem was the development of thermal drift
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forces in the stand. The stand did not have an active cooling system nor did it
have adequate thermal isolation of the thruster, thereby adding unwanted noise due
to thermal expansion of thrust stand components. In addition to thermal drifts,
the stand also suffered from counter-weighting complications. Since the stand was
initially designed for low gravity environments, the orientation of the stand and thrust
vector was irrelevant. However, when operating in a gravitational field, the thrust
vector and gravitational vector acted in the same direction. Without the stand being
perfectly balanced, it would register a force proportional to the weight of the thruster.
An error of 0.001 kg in the counterweight would produce an error of approximately 10
mN in the thrust force which was on the order of the expected thrust from the engine.
Additionally, the pivots used were not designed for the large torques produced by the
thruster and counterweight such that any error in the counterweight often resulted
in the stand completely rotating to one side or the other. Also, any rotation in
the thrust stand rotates the thrust vector as well, creating the potential for further
uncertainties.
2.3.2 2008 Design
Another thrust stand was constructed in 2008 by Brett Tartler with the intent of
addressing the problems encountered with the stand created by Mirczak [21]. The
stand developed by Tartler was also a torsional counterweighted stand with a feedback
loop and is very similar to the stand designed for this thesis and was somewhat of
a first attempt at the stand discussed here. The stand, shown in Figure 2-4, used
four 22 cm arms perpendicular to the ground with the thruster at the top and a
counterweight at the bottom and used flexures at the top and bottom plates to
maintain thrust in the horizontal direction during rotation of the stand. It also had
a thick Teflon pad for thermal isolation of the thruster. An additional voice coil
actuator was used to tare the stand in the event of external forces [21].
This stand also had a number of problems that caused difficulties during operation.
The first issue was a result of the assumption in the analysis that the thruster and
counterweight were point masses. The center of mass of the system was located along
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Figure 2-4: The thrust stand designed by Brett Tartler in 2008.
the central pivot plane without a thruster and counterweight; however, a thruster
and cathode have a height of several inches - 9 inches in the case of the DCFT -
significantly changing the location of the center of mass. The amount of counterweight
needed to adjust the center of mass was volumetrically too much to fit in the small
space on the bottom plate. After further analysis it was also revealed that even if
the bottom plate was adjusted to accommodate more counterweight, the mass of the
extra counterweight necessary for collocating the center of mass and central pivots
was greater than the mass tolerance of the pivots. With the maximum allowable
counterweight used, the center of mass was still several inches above the central pivot
plane and prevented the stand from reaching equilibrium during testing. The other
problems were only minor interfacing issues that made testing preparation difficult
but did not affect performance.
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2.4 Final Design Selection for the MiNTS
As previously stated, the MiNTS basic design is a combination of the torsional and
pendulum style thrust stands in order for it to remain insensitive to vibrations while
also maintaining compactness and a high degree of sensitivity to thrust. An aluminum
and stainless steel structure would be used due to operation in a vacuum system. The
use of a feedback loop with null balance operation also ensures that the thrust force
is equivalent to the cancellation force from the actuator regardless of any vertical
difference between the two. Flexures attach the four arms to the base in the same
plane as the vertical center of mass. Flexures also attach the top and bottom plates,
where the DCFT and counterweight rest, to the arms of the stand to prevent rotation
of the thrust vector under rotation of the MiNTS. Although slightly different than the
torque balance for the traditional torsional stand, the torque balance for the MiNTS
in Equations 2.20 through 2.23 also shows that it is only dependent on the arm length
of the stand and the flexure stiffness such that long arms and more flexible pivots
increase the sensitivity.
Στ = (FT +mgθ)l −mglθ − kθ = 0 (2.20)
Using the small angle approximation:
x
l
= sin θ ≈ θ (2.21)
θ =
FT l
k
(2.22)
x =
FT l
2
k
(2.23)
The sensitivity was chosen so that without active control 20 mN of thrust would
displace the MiNTS by approximately 1 degree in order to maintain the validity of the
small angle approximation since the maximum expected thrust of the DCFT is less
than 20 mN based on preliminary testing [22]. The arm length was set to 0.2794 m
due to height constraints in the vacuum chamber. This placed the DCFT near the
center of the chamber, nearly level with the viewing ports but more importantly away
from the walls of the chamber. The DCFT has several strong magnets which could
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potentially interact with the iron chamber walls producing erroneous measurements.
With the arm length decided, the linear displacement comes from the small angle
approximation.
x = lθ = 0.2794 m ∗ pi
180
rad = 4.876 mm (2.24)
The overall flexure stiffness was then calculated based on the maximum arm length.
k =
FT l
2
x
= 0.3202 N-m/rad (2.25)
The overall flexure stiffness would need to be split among all the flexures used in
the MiNTS. If the stiffness were split equally over the twelve flexures (four each at
the center, top and bottom) in the design, that would result in an average stiffness
of 0.0267 N-m/rad. While many different flexures are available such that finding
flexures to match these specifications should be simple, mounting the flexures to a
device properly can be difficult since it is often challenging to clamp them securely.
For this reason it was determined that reducing the number of flexures necessary
would be a worthwhile effort.
2.4.1 Pivot Selection
Flexural pivot bearings had been used in previous stands due to their reliability
and simplicity as well as their ability to be used in vacuum systems. Single-ended, or
cantilevered, pivots have a stiff sheet connecting the inside of two concentric cylinders
in order to provide a torque when one cylinder is rotated relative to the other. Double-
ended pivots have a sheet connecting the inside of three cylinders where the middle
cylinder rotates relative to the outer two. Pictures of these types of pivots can be seen
in Figure 2-5. While it would be challenging to reduce the number of central pivots
connecting the arms to the base, it was quickly noticed that one double-ended pivot
could remove two single-ended pivots in the connection between the arms and the top
plate. It was also realized that the pivots connecting the bottom plate to the arms
could be eliminated completely and replaced with thin stainless steel sheet capable of
40
supporting the counterweight. These sheets were assumed to have negligible stiffness
so the total number of pivots required for the design was reduced to six with an
average stiffness of 0.0534 N-m/rad.
(a) Single-ended pivot. (b) Double-ended pivot.
(c) Cutaway view of a single-
ended pivot.
(d) Cutaway view of a double-
ended pivot.
Figure 2-5: Riverhawk torsional spring pivot bearings [1].
The Riverhawk Company was chosen to supply the pivots for the MiNTS as they
have a wide range of sizes and spring constants. The cantilevered pivot chosen was
the 5006-660 with a stiffness of 0.0240 N-m/rad [1]. The double-ended pivot chosen
was the 6016-800 with a stiffness of 0.0919 N-m/rad [1]. With the pivots selected the
actual total pivot stiffness can be calculated.
k = (2× kd) + (4× ks) + (4× kf ) (2.26)
The total stiffness is then used to calculate the actual deflection angle under 20 mN
using Equation 2.22.
θ =
FT l
k
=
0.020mN ∗ 0.2794m
0.2798N-m/rad
= 1.14◦ (2.27)
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The only other consideration with selecting the pivots was their load ratings. No
axial loads were present in the pivots, and the DCFT and counterweight put nearly
a 36 Newton radial load on the pivots. The cantilevered pivots were axially rated to
approximately 54 N each, and the design split the load equally among them such that
each pivots only had to support less than 9 N. The double-ended pivots were axially
rated to 157 N each; again well above the necessary load rating [1].
2.4.2 Force Actuator and Displacement Sensor
The next components selected were the force actuator and displacement sensor. The
previous MIT thrust stands used a linear variable differential transformer (LVDT)
for the displacement sensor and a voice coil for the force actuator. The software used
with the MiNTS was already designed to use these so the same LVDT and voice coil
were used to avoid unnecessary redesign. Both the LVDT and the two voice coils
were positioned on the lower half of the MiNTS to avoid any interactions with the
thruster plasma plume.
The LVDT used was the 050-DC-EC made by Schaevitz Sensors pictured in Fig-
ure 2-6. The LVDT is used to measure linear displacement by outputting a voltage
proportional to the distance traveled. The voltage is induced as a ferromagnetic core
travels through a solenoid coil. For this LVDT, the relation between displacement
and voltage is 8 V/mm and has a range of 2.5 mm [23].
The voice coil used was the LA10-08-000A made by BEI Kimco Magnetics pictured
in Figure 2-7 [24]. The voice coil produces a force by running a current through a
copper coil producing magnetic force that can act upon a magnetic housing. The
MiNTS used two voice coils; one to cancel the thrust force of the DCFT, and the
other to tare the thrust stand in the event a drift force was added to the stand during
testing.
The PID controller determined the position from the LVDT and used the primary
voice coil to maintain the neutral position for null balance operation. The secondary
voice coil used to tare the MiNTS was manually controlled. If a constant drift force
acted upon the stand during operation, the drift correction voice coil could be used
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Figure 2-6: Schaevitz Sensors LVDT and internal magnet.
Figure 2-7: BEI Kimco Magnetics voice coil and magnetic housing.
to adjust the forces on the stand such that the known primary voice coil output for a
known force could be matched again. Further description of the secondary voice coil
is given in the Section 2.6.
2.4.3 Thermal Design
With the entire structure of the MiNTS being metal, some form of thermal control
was necessary to mitigate thermal drifts in the stand as the DCFT was expected to
produce a significant amount of waste heat that would be conducted to the stand. The
ASTROVAC system was not well suited for using active cooling lines to maintain the
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MiNTS temperature, so a thermal isolation system for the DCFT was used instead.
A half-inch Teflon pad placed on four ceramic spacers was attached to the top plate
as shown in Figure 2-8. The Teflon pad had a screw hole for mounting the DCFT.
Even with the thermal isolation, it was still expected that the thrust stand would
experience some amount temperature change due to heat transfer through the pad
and spacers, so a thermal test plan was developed which is described in Section 2.7.
Figure 2-8: Teflon thermal pad and ceramic spacers for blocking heat transfer.
2.4.4 Computer Aided Design and Construction
With all of the design requirements met and a final mechanical design decided upon, a
SolidWorks model of the MiNTS was developed in order to construct it. The arms and
the base of the MiNTS were hollow aluminum square tubes to maintain a lightweight
system. Several braces were added to the base in order to create a more stable and
robust structure. The clamps to hold the pivots were roughly based on the design
used by Mirczak. Several views of the completed SolidWorks design are shown in
Figure 2-9. The LVDT and voice coils were placed 5 inches below the central pivots.
The choice of this placement was based on the 2.5 mm maximum linear range of the
LVDT. In the event that the primary voice coil of the PID controlling it stopped
working, rough thrust measurement could still be recorded using the displacement of
the LVDT. At 5 inches from the central pivots, the linear displacement of the stand
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with a rotation of 1.14 degrees is roughly 2.5 mm. A rough estimate of the flexure
stiffness would be necessary to calculate the thrust, but the maximum expected thrust
of 20 mN would not displace the stand further than the limit of the LVDT.
(a) Front view of the MiNTS CAD. (b) Isometric view of the MiNTS CAD.
Figure 2-9: Multiple views of the MiNTS CAD.
With the selection of the LVDT placement, preliminary error analysis could also
be performed. Using Equation 2.22 and the small angle approximation, it can be
shown that the MiNTS would translate 0.09 mm/mN at the location of the LVDT.
Given the uncertainties in the LVDT position are ±0.006 mm, we can see that the
expected uncertainty in thrust measurements is ±0.067 mN. The expected minimum
thrust of the DCFT is approximately 6 mN making the minimum estimated error
slightly larger than 1% of the lowest thrust output.
The majority of the components were machined by the author; however, some
of the more complex pieces, such as the pivot clamps shown in Figure 2-10 had to
be machined by the MIT Machine Shop as they had more advanced tooling. The
construction of the stand was relatively straightforward; however, care was taken
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when attaching the pivots and clamps so that none of the pivots were preloaded with
a torque. The assembly of the MiNTS requires two people to prevent any preloading
of pivots - one person to hold the floating structure, and the other to attach the base.
Once the base and floating section are connected, it is important that the braces are
attached to prevent one from pulling the pivots and clamps apart accidentally. It was
also necessary to connect the Teflon pad before attaching the top plate to the pivot
clamp because there is limited room for tools. The final assembly of the stand is
shown in Figure 2-11. All CAD drawings of the MiNTS are included in Appendix A.
(a) Clamp for the single-ended piv-
ots.
(b) T-clamp for the double-
ended pivots.
Figure 2-10: Pivot clamps used to secure the pivots to the MiNTS structure.
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(a) Front view of the MiNTS showing
the LVDT and primary voice coil.
(b) Back view of the MiNTS showing
the secondary voice coil.
(c) Side view of the MiNTS.
Figure 2-11: Several views of the assembled MiNTS structure.
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2.5 MiNTS Control Hardware and Software
The MiNTS is controlled through the laboratory computer running a National In-
struments (NI) Labview VI connected to a Control Box with amplifying circuits and
an NI Data Acquisition (DAQ) card connected to the MiNTS LVDT and voice coils.
Both the Labview VI and the Control Box were designed by research associate Randy
Leiter for use with Mirczak’s stand such that several modifications were made in order
to use the equipment with Tartler’s stand, and even further modifications were made
for use with the MiNTS.
2.5.1 Control Box
The Control Box receives signals from the LVDT and sends them to the Labview VI
to interpret. The software would send signals back to the Control Box which would
be amplified and sent to the voice coils to apply a force to the stand. The Control Box
is composed of five main components: the two amplifying circuits, the DAQ card, a
power supply, and a current sensor.
The two amplifying circuits modify the signals from the computer and send them
to the voice coils to produce the required force. The primary voice coil is controlled
autonomously through the feedback loop, and the secondary voice coil is manually
controlled by user inputs to the computer. The two amplifying circuits are identical
and shown in Figure 2-12. More information about the components used in the
amplifying circuits can be found in Brett Tartler’s thesis [21].
The DAQ card, shown in Figure 2-13, is the component on the Control Box that
directly interfaces with the computer and Labview code. The DAQ is the NI USB-
6009 model and is connected to the computer using a standard USB A/B cable. The
DAQ has four analog input channels for measuring differential signals as well as two
analog output channels capable of producing a 0 to 5 V signal [25]. The DAQ also
has digital channels, but they were not used as the LVDT and voice coils operate
using analog signals. The two outputs control the voice coils; however, they are only
capable of producing currents on the order of 5 mA which is too low to drive the
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(a) Circuit board front. (b) Circuit board back.
Figure 2-12: Circuit board for amplifying the signal to the voice coils. Necessary
modifications to the bare PCB are shown in Appendix F.
voice coils necessitating the use of the amplifying circuits. The four input signals
measure output signals from the LVDT, a current sensor on the primary voice coil,
the secondary amplifying circuit, and the primary amplifying circuit after the signal
has passed through the current sensor.
The power supply is actually two identical 15 V power supplies, shown in Figure 2-
14 connected in series. The power supplies are powered by an ordinary AC wall
outlet. A switch on the Control Box allows for toggling the state of the power supply.
The power supplies are connected in series in order to provide a “common ground”
as shown in Figure 2-15. This allows the power supplies to produce a DC voltage
varying between +15 and -15 V. The power supplies power the two amplifying circuits
and the LVDT. It is important to note that the DAQ receives its power through the
USB cable so that even when the power supply switch is in the “off” positions, the
DAQ is still operating.
The final component of the Control Box is the current sensor for the primary
voice coil. The current sensor was added to monitor resistive heating of the voice coil.
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Figure 2-13: Analog channels of the DAQ card.
Initially, the primary voice coil was not producing the necessary force to maintain null
balance operation, and resistive heating in the voice coil was thought to have been the
problem by distorting the signal. Once the current sensor was added, it was seen that
the current through the voice coil was varying by less than 3 mA, and resistive heating
was not occurring. The problem was later discovered to be inadequate grounding of
components in the Control Box. With the problem resolved, the current sensor was
no longer needed but was still left as part of the Control Box in the unlikely event it
would later be necessary. Figure 2-16 shows the current sensor both as part of the
Control Box circuit as well as being bypassed.
The electrical connection between the Control Box and the MiNTS is a 9-pin
cable, but only eight of the pins are used. Two supply the power to the LVDT, two
relay the signal from the LVDT, and four relay the signals to the two voice coils.
The 9-pin cable also has a grounded shield inside the chamber to avoid any distortion
of the signals by the plasma during thruster operation. A picture of the complete
Control Box is shown in Figure 2-17.
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Figure 2-14: Control Box power supplies.
Figure 2-15: The Control Box power supplies are used in series to create a floating
ground.
2.5.2 Labview Software
A brief description of the Labview VI MIT-SPL Thrust Balance-5-3 written to control
the MiNTS is included here. If a more in depth description is desired, see Tartler [21].
The Labview software for the MiNTS processes the data from the DAQ, runs the
feedback PID loop to control the stand and maintain null balance operation, and
records the relevant data to a spreadsheet for post-processing. More simply put, the
program reads the LVDT output voltage and then calculates the necessary voltage for
the primary voice coil. When the code is started, it initializes an excel spreadsheet to
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(a) The current sensor signal being
measured.
(b) Current sensor bypassed.
Figure 2-16: Primary voice coil current sensor circuit.
save the time, voice coil data, and other data generated by the VI. It then initializes
a queue to store commands, and also initializes the input and output channels of the
DAQ. The VI then begins a while loop that takes in the data from the DAQ and sends
it through a PID controller to analyze and calculate the voltage signal for the voice
coil. This signal is placed in the queue for a specific time delay of 100 milliseconds.
This is because the Labview program processes the signals much faster than they can
be sent to the stand through the DAQ. This slows down the program to allow the
rest of the system to catch up. After the time delay, the signal is de-queued and
sent to the DAQ to be sent to the voice coil. All of the block diagrams and front
panels for the MiNTS Labview control VI as well as the supporting VIs are included
in Appendix H.
The Labview VI has some user controls and displays on the front panel. The two
main displays are the System Response & PID Feedback display and the Thrust -
mN display. The System Response & PID Feedback display shows three curves: the
set point which should be 0, the LVDT position which should be roughly equivalent
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Figure 2-17: The complete MiNTS Control Box. A wiring diagram can be found in
Appendix E.
to the set point so long as the active control is working, and the primary voice coil
signal. Both the LVDT and voice coil values are scaled such that their maximum and
minimum are +50 and -50, respectively. The Thrust - mN display also shows the
voice coil signal as in the System Response & PID Feedback display but shows the
actual value. Its title is a misnomer as it is not actually the force, but the thrust force
can be determined from this number using a calibration curve which will be talked
about more in the next section. Since the voice coil output is scaled in several ways
and is neither in purely volts or millinewtons, it is left unitless in this thesis. The two
displays are shown in Figures 2-18 and 2-19.
Figure 2-18: The Thrust - mN display.
The main user controls for the Labview VI are a number of buttons and knobs.
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Figure 2-19: The System Response & PID Feedback display.
When the VI is started, the PID loop must be turned on for it to begin actively
controlling the MiNTS. Additionally, the secondary voice coil control must be turned
on before it can be used to tare the stand. Both can be activated on the front panel
under the Manual Control tab for the PID loop and Calibration Control tab for the
secondary voice coil. The buttons in both tabs must be changed from red to green
for them to be active as shown in Figures 2-20 and 2-21.
Another important user control for the Labview VI is the Save?? button shown in
Figure 2-22. The program does not automatically save the data since a large portion
of the data is not relevant as the program takes some time to adjust to changing
thrust outputs. When stability has been reached, the user can begin saving the
data by toggling the Save?? button. After being clicked once, the button changes
to Saving ; and data points are recorded 10 times per second corresponding to the
100 ms time delay. When the user has recorded enough data and is ready to move
on to the next test, the Saving button can be clicked to stop saving data and reverts
back to the Save?? button.
As previously mentioned, the control for the secondary voice coil is located under
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(a) Primary voice coil not active. (b) Primary voice coil active.
Figure 2-20: Primary voice coil control.
the Calibration Control tab as shown in Figure 2-21. The user can adjust the knob
value - using the text box is more precise - to add a constant tare force to the MiNTS
through the secondary voice coil if necessary. Changing the secondary voice coil knob
value by 0.01 changes the Thrust - mN display value by approximately 1.23 if the
system is using active control, and the relationship remains linear between the two
values as shown in Figure 2-23. As mentioned previously, more information about
the use of the secondary voice coil will be given in Section 2.6.
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(a) Secondary voice coil not active. (b) Secondary voice coil active.
Figure 2-21: Secondary voice coil control.
(a) Data not being saved. (b) Labview saving out-
put data to excel file.
Figure 2-22: The Save?? button must be toggled to save data.
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Figure 2-23: The relationship between the knob control and Thrust - mN display.
Linear fit: y = 123.46x - 302.94.
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2.6 Calibration of the MiNTS
In order to obtain useful thrust measurements from the MiNTS, the stand must first
be calibrated. The process of calibration maps the voice coil output to a known
force acting on the MiNTS. This ensures that any forces already acting on the stand,
such as preloaded pivots, are factored out during testing and accounts for changes in
stiffness between tests.
2.6.1 Calibration Stand and Friction Test
One of the simplest ways of calibrating a thrust stand is to use the gravitational
force acting on a set of known weights to add a known force to the stand. This is a
simple task for a thrust stand that measures forces in the same direction as gravity;
however, the MiNTS measures horizontal forces; so in order to use the gravitational
force for calibrations, a calibration stand was developed to turn the gravitational force
of the weights to the same direction as the thrust force. The main features of the
calibration stand, shown in Figure 2-24, are the pulley and the spool with weights on
a string wrapped around it. All SolidWorks CAD drawings of the calibration stand
are included in Appendix B.
The end of the string holding the weights is hooked onto the back of the thruster
and then draped over the pulley. As the spool is unwound, weights are added to the
side of the string acting on the MiNTS, thereby providing a horizontal force. It is
important to note that the actual force acting upon the stand is not equivalent to
the force of the hanging weights due to some amount of friction between the pulley
and string. The frictional force between a pulley and string can be determined using
the Capstan equation shown in Equation 2.28 with µ being the coefficient of friction
and θ being the contact angle between the string and the pulley which was pi
2
radians.
The coefficient of friction between the pulley and string was unknown, so a simple
test was used to determine the coefficient.
T1 = T2e
µθ (2.28)
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Figure 2-24: The stand used for calibrating the MiNTS.
The test, shown in Figure 2-25, used blocks of known weights placed on a scale
attached to weights hanging over the pulley. The differences between the actual
weight of the blocks on the scale, the weight felt by the scale (displayed on the scale
screen), and the weight hanging over the pulley were used to calculate the coefficient
of friction. T1, the load weight, was the weight hanging over the pulley. T2, the
holding weight, was the difference between the weight of the blocks on the scale and
the weight felt by the scale. The contact angle for these tests was pi radians. Three
different blocks were used on the scale, and four different hanging weights were used
for a total of ten different tests. The average coefficient of friction was determined to
be 0.696. The coefficient of friction for each test can be seen in Table 2.1.
2.6.2 Calibration Procedure and Calibration Curves
With the frictional coefficient determined, a set of weights was added to the spool
for calibration. In order to match the expected thrust of the DCFT, the weights on
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Figure 2-25: The test to determine the friction coefficient of the pulley on the cali-
bration stand.
the string added a force from 3 to 18 mN. The last weight was lost, however; so in
actuality the stand was only calibrated up to 15 mN. The actual weight compared to
the effective force acting upon the MiNTS due to friction is shown in Table 2.2.
With the calibration stand complete, two preliminary calibrations were performed
to ensure stable and consistent operation. Labview preparation and setup for calibra-
tion and testing is explained in detail in Appendix G. Once the program is setup and
started, each weight from the spool is individually added, as shown in Figure 2-26,
and the corresponding voice coil response is recorded. This data produces a curve
relating the voice coil output in volts to the force provided by the weights which
later allows us to determine the amount of thrust produced by the DCFT during
testing by measuring the response of the voice coil. The initial calibration tests were
performed without the cathode attached to the DCFT (less counterweight was used
accordingly) and with no flow or electrical connections to the DCFT as a preliminary
check to determine if calibration results were reasonable. Once the thrust stand was
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Table 2.1: Friction test values used to determine µ for the calibration stand. Note
the variation in µ was not used in the error analysis of the DCFT performance.
W1 [g] W2 [g] scale reading [g] T1 = W1 [g] T2 = W2 - scale [g] µ
0.3278 5.1478 4.8679 0.3278 0.2799 0.05028
0.3278 17.174 16.9031 0.3278 0.2709 0.06069
1.9913 5.1478 3.6098 1.9913 1.5380 0.08222
1.9913 17.174 15.5807 1.9913 1.5933 0.07098
1.9913 37.1981 35.4678 1.9913 1.7303 0.04472
2.9450 5.1478 2.9806 2.9450 2.1672 0.09762
2.9450 17.174 14.9772 2.9450 2.1968 0.09330
2.9450 37.1981 34.9133 2.9450 2.2848 0.08080
5.1478 17.174 13.0710 5.1478 4.1030 0.07221
5.1478 37.1981 32.7050 5.1478 4.4931 0.04330
average µ .0696
Table 2.2: MiNTS calibration weights.
Weight # Weight Value [mN] Cumulative Weight [mN] Actual Calibration
Force [mN]
1 3.3452 3.3452 2.9988
2 2.1842 5.5294 4.95684
3 2.1766 7.7060 6.90802
4 2.1711 9.8771 8.8543
5 2.4761 12.3532 11.074
6 2.1766 14.5298 13.02518
7 2.1700 16.6998 14.97048
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stable and balanced at its zeroed position, the calibration procedure was started.
When the MiNTS stabilized after a weight was added, data for that point would be
recorded; and then the next weight would be added. After a weight was added, it
took approximately 3-4 minutes for the MiNTS to stabilize due to difficulties in opti-
mizing the gains in the software. The two calibrations were performed approximately
two days apart and were nearly identical as shown in Figure 2-27. The relationship
between force and voice coil output was highly linear as expected, and a basic linear
regression analysis was performed.
Figure 2-26: The preliminary calibration test of the MiNTS.
Given the consistency between the two calibrations, the calibration procedure was
considered a successful operation. Before each DCFT test, the calibration procedure
was performed to obtain a calibration curve for that test as shown in Figure 2-28.
Three separate tests were performed to obtain all the data presented in the Chap-
ter 4, and each calibration is shown in Figure 2-29. The small differences from the
preliminary calibration curves were attributed to the addition of the cathode, ex-
tra counterweight, and the electrical and propellant connections. The addition of the
weight also increased the settle time to approximately 10 minutes. The differences be-
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tween these calibration curves were attributed to changes in the connections between
tests.
During the calibrations, it was realized that the MiNTS was sensitive enough to
notice deflections in the ASTROVAC platform when the calibration stand was added
and removed. After calibration was completed and the calibration stand removed, an
aluminum bar equivalent in weight to the calibration stand was placed in ASTROVAC
to ensure changes did not occur in the platform that could affect the stand.
During some DCFT tests, it occasionally became apparent that the primary voice
coil output indicated a much higher force than expected based on the calibration curve
and did not match the DCFT thrust. This change was attributed to the shifting of
wires or propellant lines in the chamber, and accounting for these changes was the
primary function of the secondary voice coil. When one of these anomalies was
noticed, the thruster was shut off such that there was zero force acting on the MiNTS
by the DCFT. The secondary voice coil was then used to tare the system back to the
voice coil output corresponding to zero force as determined during calibration. The
testing could then resume without requiring a completely new calibration.
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(a) First calibration data with the linear fit:
y = -0.4498x + 0.2094.
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(b) Second calibration data with the linear fit:
y = -0.4361x + 0.2097.
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(c) Overlay of 1st and 2nd calibrations to show similar-
ities. First calibration is solid line and circles, second is
dashed line and squares.
Figure 2-27: Preliminary calibrations of the MiNTS were used to determine repeata-
bility of calibration.
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Figure 2-28: The calibration procedure in progress with all electrical and flow con-
nections.
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(a) Linear fit:
y = (-0.4764 ± 0.0143)x + (0.0157 ± 0.1242).
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(b) Linear fit:
y = (-0.5080 ± 0.0125)x + (0.1801 ± 0.1149).
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(c) Linear fit:
y = (-0.4597 ± 0.0056)x + (0.0893 ± 0.0512).
Figure 2-29: Calibrations used for DCFT thrust measurement data. Variation given
is one standard error for the coefficients. This uncertainty is used when calculating
the error of the recorded thrust data.
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2.7 MiNTS Thermal Analysis and Testing
As mentioned previously, there was a concern that thermal drifts could affect the
thrust measurements by the MiNTS. There currently is no good model for determin-
ing the amount of heat that the DCFT would conductively transfer to the stand; so
instead of trying to determine this through modeling, experimentation was used. The
thermal test plan was divided into three parts: determining the maximum tempera-
ture of the MiNTS during DCFT operation, performing a baseline room temperature
calibration, and performing a calibration with the MiNTS heated to the same tem-
perature experienced during the DCFT test. A comparison of a normal and heated
calibration curves would be able to provide preliminary insight to potential thermal
drift the MiNTS could experience during testing. If thermal drifts were found to ex-
ist, further testing to characterize the drift would be performed. Performing several
calibrations at multiple MiNTS temperatures would determine if and how the drifts
vary with temperature. If the drifts vary predictably or are constant with varying
temperature, they could easily be cancelled out with the secondary voice coil. If
the drifts were unpredictable, the only option would be to maintain the MiNTS at
an acceptable temperature during the duration of all tests. This would most likely
be achieved by having “cool down” periods for the thruster in the middle of a test
campaign.
2.7.1 DCFT Thermal Test
For the first part of the thermal test, the MiNTS was outfitted with several thermo-
couples at important locations as shown in Figure 2-30. Thermocouple 1 (not shown)
was on the back plate of the DCFT. The thermocouples used were Type K with a
maximum temperature rating of 260◦C. The thermocouple signals were measured by
an NI BNC-2090 rack. The rack was connected to the laboratory computer running
a Labview VI that processed and recorded the temperatures. The VI, Thermocouple
TBv2, was the generic thermocouple VI modified to take five signals and save the
results. The block diagram and front panel for the thermocouple VI are included in
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Appendix H.
Figure 2-30: SolidWorks drawing of thrust stand with thermocouple locations noted.
The thermocouples were first calibrated at room temperature and then in an ice
bath near 0◦C to ensure they were all working properly. The ends of the thermocou-
ples were also covered in a thin layer of Kapton tape since they were initially bare.
This was done because the thermocouples provide temperature data by measuring a
potential difference between two different materials at the tip. Since the MiNTS was
made of aluminum, placing the bare tips on the stand would likely keep them at the
same potential, thereby distorting the signal.
Once the thermocouples were calibrated and placed on the stand, the DCFT was
fired. Thermocouple data could not be taken simultaneously with the thruster firing
due to plasma interference with the BNC-2090, so data was taken directly before and
after test firings. Before the first firing with the system under vacuum, the entire
stand was at room temperature. The DCFT was then run for 1 hour at 170 Watts.
The temperature of the stand below the Teflon pad remained at room temperature
while the DCFT body temperature increased to nearly 50◦C. The DCFT power was
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Figure 2-31: Thermocouple covered with Kapton tape.
Figure 2-32: Ice bath for calibrating the thermocouples.
then increased to 280 W for 2 hours. The DCFT power could not be safely increased
past 280 W due to high chamber pressures (5 × 10−5 Torr). After the 2 hours,
the temperature below the Teflon pad still remained at room temperature while the
DCFT body temperature increased to approximately 70◦C. All of the thermocouple
temperatures for the test are included in Table 2.3.
2.7.2 Room Temperature and Heated Calibrations
With the Teflon pad blocking all heat transfer and the MiNTS structure remaining at
room temperature, thermal drifts were expected to be negligible if not non-existent.
The base and heated calibration tests were still performed in the unlikely event the
heating of the Teflon pad managed to cause drifts to occur. The two calibrations
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Table 2.3: MiNTS thermocouple (TC) temperatures during DCFT firing.
TC #
Location Initial Temp after 1 hr Temp after 2 hr
Temp [◦C] at 170 W [◦C] at 280 W [◦C]
1 DCFT back plate 23 45 69
2 above thermal pad 23 49 69
3 MiNTS top plate 23 23 23
4 Single-ended clamp 23 23 23
5 MiNTS bottom plate 23 23 23
were performed outside the chamber and as identically as possible. Pictures of the
test setup are included in Figure 2-33. The thermocouples and heating pad were po-
sitioned on the stand prior to the room temperature calibration. The base calibration
produced the curve shown in Figure 2-34.
(a) MiNTS set up for ther-
mal testing.
(b) Overall thermal test setup.
Figure 2-33: Two views of the MiNTS thermal test.
The heated calibration was performed immediately after the base calibration al-
though time was given for the stand to heat up to the proper temperature. Two
silicone-rubber heating pads capable of achieving a maximum temperature of 230◦C
were used to heat the MiNTS. The heaters required an AC input, so they were con-
nected in parallel to the variable AC power supply shown in Figure 2-35. The heaters
were attached using Dow Corning 736 Silicone-Rubber Adhesive to a plate similar to
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Figure 2-34: Room temperature calibration. Linear fit: y = -0.4665x + 0.956.
the DCFT back plate for consistency. The plate with the heaters attached is shown
in Figure 2-36. The AC power supply knob was set to 70 so that when thermal equi-
librium was reached, the thermocouple above the Teflon pad recorded a temperature
of 82◦C, a few degrees above the temperature recorded in the chamber. Below the
Teflon pad, the MiNTS remained at room temperature. The calibration process was
performed and a new curve shown in Figure 2-37 was obtained. It is important to
note that the new curve has nearly the same slope so the calibrations only differed
by a constant.
Figure 2-35: AC controller for heating pads.
The drift was unexpected and seemed rather large since the MiNTS remained at
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Figure 2-36: Heater plate for simulating DCFT temperature.
0 5 10 15
−12
−11
−10
−9
−8
−7
−6
−5
−4
−3
Weight [mN]
N
or
m
al
iz
ed
 v
oi
ce
 c
oi
l o
ut
pu
t
First heated calibration
 
 
Calibration
Linear fit
Figure 2-37: First heated calibration. Linear fit: y = -0.4758x - 3.9474.
room temperature near the pivots, LVDT, and voice coils. An abbreviated heated
calibration was performed again the next day with different results although the slope
was again roughly equivalent to the two previous calibrations as shown in Figure 2-38.
The difference between the slope of the room temperature calibration and the slopes
of the heated calibrations was less than 2.0%. The heated calibration slopes were
also within one standard error of the room temperature calibration slope. While the
difference in the constants seemed unpredictable, the fact that the slopes were nearly
constant was promising. Since the relationship between the thrust and the voice coil
output did not vary with temperature, an accurate measurement of 0 N would be
enough to adjust the data for an arbitrary constant.
72
0 5 10 15
−2
−1
0
1
2
3
4
5
6
Weight [mN]
N
or
m
al
iz
ed
 v
oi
ce
 c
oi
l o
ut
pu
t
Second heated calibration
 
 
Calibration
Linear fit
Figure 2-38: Second heated calibration. Linear fit: y = -0.4573x + 5.5602.
The possibility of a random thermal drift seemed unlikely since below the Teflon
pad the stand remained at room temperature, so other potential causes of these drifts
were investigated. A potential cause for these drifts was the contraction and elonga-
tion of the top two thermocouples as they were heated or cooled, thereby producing
a constant force acting on the MiNTS. All of the external connections (thermocou-
ples and the weighted calibration string) were removed to test this theory. Since the
calibration string with weights was removed, calibration could not be performed; so
just the 0 N data point was tested. The room temperature test produced a voice
coil output of -4.915. The stand was then heated as before with the voice coil out-
put being -5.009. Since the two values were approximately the same - the difference
being roughly equivalent to 0.044 mN which is less than the uncertainty due to the
LVDT - this leads to the conclusion that there are no thermal drifts in the stand as
was expected. To fully validate this claim, however; a full calibration would need to
be performed preferably using a device that can apply a known force to the MiNTS
without directly contacting it. It was also noticed that as the thermal pads heated
up, the MiNTS did drift before coming back the nearly the same location. This was
attributed to the heaters inducing convection currents near the MiNTS as they heated
up until they reached a steady state temperature. The weighted calibration string
and thermocouples could clearly be seen moving due to the surrounding air currents.
For this reason, future thermal testing should be done under vacuum.
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One final test with the heaters was performed to account for the possibility that fu-
ture tests may operate the thruster at higher temperatures. The power to the heaters
was increased until the thermocouple above the Teflon pad measured a temperature
of 130◦C. The structure of the MiNTS below the insulator still remained at room
temperature. After several minutes, smoke began to emanate from the heaters, so a
higher power was not attempted. These results show that the Teflon pad is effective
at blocking heat transfer to the MiNTS when the thruster body temperature is 130◦C
and potentially even higher meaning there should be no thermal drifts at least up to
that temperature.
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Chapter 3
Diverging Cusped Field Thruster
Overview
This chapter will discuss the design and motivation behind the Diverging Cusped Field
Thruster. A brief review of conventional Hall thrusters will first be given followed by
a review of other Cusped Field thrusters. A comparison of traditional Hall thrusters
and Cusped Field thrusters will also be provided. The original DCFT development
and design will then be discussed. Specifically, the reasons behind the majority of the
design choices will be described thoroughly. This thesis will then address the changes
made to the DCFT design for this thesis and the motivations behind them. One of
the main drivers for these changes was the attempt to obtain a mission on board
a satellite for the purposes of flight verification of the DCFT and will be described
in depth. Finally, proposed changes to the magnetic circuit and the motivations for
them will be presented.
3.1 Hall Thruster Review
A review of basic Hall thruster physics, operation, and performance is provided to
show the main similarities and difference between traditional Hall thrusters and the
DCFT. For more in-depth descriptions of traditional Hall thrusters and the physics
behind them, consult [9, 26, 27].
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3.1.1 Hall Thruster Operation
As previously stated, Hall thrusters use a high potential applied between the anode
and externally mounted cathode. This potential provides a relatively axial electric
field in the thruster as shown in Figure 3-1. As electrons are emitted from the
cathode, they accelerate through the field towards the anode but are caught in the
magnetic field. In most Hall thrusters the magnetic field is created by electromagnets
as opposed to permanent magnets. Hall thrusters use a mostly radial magnetic field
across the chamber for electron confinement. As the electrons enter the magnetic field,
they begin to drift perpendicularly to the magnetic and electric fields while orbiting
about the magnetic field. This radius of rotation about the magnetic field is known
as the Larmor radius, shown in Equation 3.1. Due to the rotational symmetry of the
Hall thruster, this ~E × ~B drift allows the electrons to drift along closed azimuthal
paths. This closed path generates a current commonly known as the Hall current,
shown in Equation 3.2.
Figure 3-1: Schematic diagram of Hall thruster basic operating principles [2].
rle =
meve
eB
(3.1)
jhall = ene
~E × ~B
B2
(3.2)
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While the electrons drift within the thruster, neutral particles are fed into the
annular chamber near the anode. Most thrusters use xenon since it is an inert gas
with a high atomic weight and a relatively low ionization energy. These particles
are then ionized through electron-impact ionization as they flow downstream into
the magnetic field where the electrons are confined. The ions are also affected by the
~E× ~B drift; however, their Larmor radius is much larger than the thruster dimensions
due to their large mass, so they are relatively unaffected by the magnetic field and are
accelerated axially by the electric field [26]. As the electrons collide with the neutral
particles or experience Bohm diffusion due to small plasma fluctuations [28], they are
scattered towards the anode and are eventually collected by the anode completing
the circuit. The electrons are then sent back to the external cathode, some being
directed towards the anode again while others are used to neutralize the ion beam.
As previously mentioned, this acceleration of quasi-neutral plasma avoids the thrust
density limitation of gridded thrusters [26, 29]. An important point though is that
the force acting upon the structure of the thruster is not due to the electrostatic
acceleration but caused by the Lorentz force between the magnets and current loop
created by the confined electrons.
3.1.2 Hall Thruster Motivation and Performance
While quasi-neutral plasma acceleration is one advantage of Hall thrusters, it was
not enough to promote further research in the United States due to instabilities
within the thruster that could not be eliminated and the successful development of
the Kaufmann gridded ion engine. Hall thruster development in the Soviet Union,
however, determined that these instabilities did not affect thruster performance such
that they could largely be ignored. Hall thrusters were shown to have specific impulses
in the 1000-2000 s range - an optimum for many important satellite missions that was
not covered by gridded thrusters. Hall thrusters also require relatively simple power
processing units (PPU) when compared to other types of electric propulsion. After
the fall of the Soviet Union, Hall thruster research resumed in the United States in
response to these added benefits.
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While the primary performance metrics of most thrusters are thrust, efficiency,
and specific impulse, a number of other measurable quantities are also of importance
when fully characterizing a Hall thruster. The total anode current, Ia, includes both
the ion beam current, Ib, and the electron back streaming current, Ibs. With the anode
current, one can calculate the anode power as in Equation 3.3 using the voltage applied
between the anode and cathode. The thruster anode efficiency is then the ratio of
beam power to anode input power shown in Equation 3.4. The specific impulse of
the thruster, as described earlier, is the ratio of thrust to anode flow rate given in
Equation 3.5.
Pa = VaIa (3.3)
ηt =
T 2
2m˙aPa
(3.4)
Isp =
T
gm˙a
(3.5)
The anode thrust efficiency can be broken up into multiple efficiencies as shown in
Equation 3.6.
ηt = ηbηuηEηc cos
2(θb) (3.6)
The beam efficiency, ηb, is the ratio of the beam current, Ib, to the anode current,
Ia, and is the measure of the efficiency of the back streaming electrons. While back
streaming electrons are necessary for ion production and completion of the electric
circuit, they are penalized because they do not directly contribute to the thrust. Ide-
ally, to maximize this efficiency, each back streaming electron would create as many
ions as possible before being collected by the anode; and the ion-electron pairs pro-
duced would not be lost to the walls. The utilization efficiency, ηu, is the ratio of the
flow rate of ions, m˙i, to the total flow rate of the fuel, m˙. Neutrals do not significantly
contribute to thrust and are therefore penalized. The non-uniformity factor, ηE, ac-
counts for non-uniform ion velocities due to the differences in ion energies. The charge
efficiency, ηc, penalizes multiply charged ions since the energy expended to doubly
or triply charge them outweighs the increased velocity. Finally, the divergence coef-
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ficient, cos2(θb), accounts for the fact that only the axial component of acceleration
contributes to thrust.
When considering a Hall thruster for a mission, it is also important to account
for the cathode as it consumes power and fuel as well. Given a cathode power, Pc
primarily used for maintaining electron emission, and a cathode flow rate, m˙c, the
thruster efficiency equation is modified to account for the total propulsive efficiency
and given in Equation 3.7.
ηo =
T 2
2(m˙a + m˙c)(Pa + Pc)
(3.7)
The mission specific impulse is also modified to account for total fuel consumption of
the anode and cathode as shown in Equation 3.8.
I∗sp =
T
g(m˙a + m˙c)
(3.8)
While cathode performance does not directly affect thruster performance, selection
of a cathode with minimal effect to mission efficiency and mission specific impulse is an
important consideration when developing a propulsion system for a flight mission. To
provide a comparison to the DCFT performance discussed later, some representative
values of Hall thruster performance (thrust, specific impulse, and anode efficiency)
are shown in Table 3.1. It is important to note that anode efficiency tends to increase
with power. Miniaturization of Hall thruster technology suffers from greater losses
to the thruster walls since the surface area to volume increases and strong magnetic
fields are necessary for electron confinement [27].
Table 3.1: Summary of several Hall thruster performance characteristics [7, 8].
Thruster Power [W] Thrust [mN] Specific Impulse [s] Anode Efficiency
BHT-200 200 12.8 1390 43.5%
BHT-600 600 39.1 1530 49.0%
SPT-100 1350 83 1600 48%
BHT-1500 1500 102 1820 54.6%
TAL D-55 1500 82 1950 60%
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3.1.3 Hall Thruster Drawbacks
Despite their benefits, Hall thrusters do have some drawbacks that limit their per-
formance. The main drawback of Hall thrusters is the result of the fact that the
magnetic field lines intercept the walls of the thruster. Since electron guiding centers
are able to travel along magnetic field lines, some electron mobility towards the walls
is expected. The flux of electrons to the wall creates a plasma sheath near the wall
thereby attracting ions. The flux of ions to the chamber walls negatively affects the
thruster in several ways. The first is through ion recombination at the wall losing
the energy used to produce the ion in the first place. The sheaths also deform the
potential profile within the thruster channel which can result in non-axial ion accel-
eration [26]. This results in either divergent ion paths as they exit the thruster or
further ion impingement losses to the wall. The high energy ions impinging upon the
thruster wall also erodes the surfaces within the thruster. This erosion is a key area
in Hall thruster research as it ultimately limits thruster lifetime [30, 31].
Another, although minor, drawback of Hall thrusters is the use of electromagnets
to generate the electric field. While there is nothing inherently wrong with the use of
an electromagnet, it can be undesirable for missions that are power or space limited.
The use of an electromagnet requires an extra power supply and power beyond that
required of the thruster for ion acceleration and is overlooked when estimating thruster
performance.
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3.2 Cusped Field Thruster Review
Although Hall thruster development within the United States was stunted due to
the success of gridded ion engines, in recent years, Hall thrusters have received more
attention due to their compact design and high thrust densities. As previously men-
tioned, one focus of research on Hall thrusters is to extend thruster lifetime and
increase performance by limiting thruster erosion through the use of alternative mag-
netic fields. Cusped field thrusters have shown some promise due to better electron
confinement through the use of magnetic mirroring.
While cusped field thrusters have some similarities to conventional Hall thrusters,
the use of a cusped field changes many of the processes within the thruster. Near
the cusps, the magnetic field is usually somewhat radial such that azimuthal Hall
currents can develop as in a traditional Hall thruster. Near the cusp, the electrons
also experience a force away from the cusp. This is because when faced with a
gradient, electrons feel a repulsive force in opposition to the gradient as given in
Equation 3.9.
F‖ = −mev
2
⊥
2B
∇‖B (3.9)
Here, v⊥ is the electron velocity perpendicular to the field. The proportionality
factor on the right hand side of Equation 3.9 is also known as the magnetic moment,
µ, which is conserved along field lines [32]. Since total electron energy must also be
conserved, electrons entering a stronger magnetic field increase their perpendicular
energy at the expense of their parallel energy. This results in the magnetic mirror
effect, also known as magnetic bottling, that reflects electrons away from increasing
magnetic fields. The magnetic mirror is not able to repel all electrons as electrons
with enough energy parallel to the field are able to pass through the magnetic bottle.
While the magnetic field near the cusps is relatively radial, the field away from
the cusps is often parallel to the walls of the thruster. Electron transport across
magnetic field lines is much lower compared to electron mobility along field lines [26].
The additional electron confinement away from the walls using the parallel field lines
as well as the magnetic mirrors reduces the overall electron flux to the walls [29]. The
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reduction of electron flux reduces the sheath potential that attracts ion to the walls
thereby reducing ion flux to the walls. The reduction of ion flux to the thruster walls
reduces erosion of the walls as well as energy losses due to ion-electron recombination
at the walls [33]. Through better electron confinement, cusped field thruster can
potentially operate more efficiently than and longer than traditional Hall thrusters.
3.2.1 Princeton Cylindrical Hall Thruster
The Cylindrical Hall thruster (CHT) was initially developed in hopes that its cusped
magnetic field would better scale to lower powers than traditional Hall thrusters [34].
The CHT, as shown in Figure 3-2, has an annular region with primarily radial mag-
netic field lines and a cylindrical region with a magnetic bottle and cusp near the exit
of the thruster [31]. The CHT uses electromagnets to produce the magnetic field in
order to optimize it. The CHT has a ring-shaped anode at the base of the channel
that also doubles as the gas distributor. The annular region length was selected to
be approximately equal to the mean free path of a neutral atom in order to promote
ionization of the gas at the boundary of the annular and cylindrical regions such that
ion acceleration occurs primarily in the cylindrical region [3]. The separation of the
ionization and acceleration regions allows for a more uniform exit velocity for the ions
and produces high propellant and current utilization efficiencies [34].
The cusped fields and magnetic mirror in the cylindrical region are able to trap
electrons both through Hall currents as well as magnetic gradients, allowing for the
neutralization of space charge. The use of magnetic mirrors to confine electrons
makes the CHT strikingly different than traditional Hall thrusters. It is important
to note that the central cusp in the CHT produces an axial force on electrons that
further prevents electron mobility towards the anode [35]. In addition to reducing
the electron flux to the wall through the magnetic design, the cylindrical section
was also designed with a lower surface-to-volume ratio than that in Hall thrusters to
reduce ion losses to the wall [34]. Several CHTs of different sizes have been developed
and tested in order to optimize magnetic field strength with respect to size and
power consumption [31]. Thrusters have been tested in the 100 W range consistently
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Figure 3-2: Schematic of the Princeton CHT basic operating principles and magnetic
field profile [3].
achieving anode efficiencies above 20%, slightly higher than traditional Hall thrusters
scaled to the same size while promising long lifetime due to reduced erosion in the
thruster [36]. Thrust has ranged from 2.5 to 12 mN which is comparable to similarly
sized traditional Hall thrusters. One drawback, however, is the beam divergence in
most CHTs has been larger than 60◦ [3].
3.2.2 Thales High Efficiency Multistage Plasma Thruster
The High Efficiency Multistage Plasma thruster (HEMP), developed by Thales Elec-
tron Devices, was derived from Traveling Wave Tube technologies used to amplify
RF signals on communication satellites [37]. HEMP thrusters use three permanent
ring magnets arranged as shown in Figure 3-3. The magnetic cusps in the HEMP
effectively protect the ceramic walls of the thruster from electron flux through the
use of magnetic mirroring near the cusps and away from the cusps as electron mo-
bility across magnetic field lines is limited [38]. The radial fields near the cusps also
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produce the Hall current as in a traditional Hall thruster. HEMP thrusters are de-
signed with a strong magnetic cusp near the exit plane and two weaker cusps within
the thruster channel [38]; however, the exact magnetic configuration is not disclosed.
The magnetic design of the HEMP is claimed to separate the ionization and accel-
eration regions of the thruster. While the magnetic cusps and field lines parallel to
the walls greatly limit electron losses to the walls, it is not explicitly stated if elec-
tron mobility to the anode is also limited through the use of a magnetic mirror there
although schematics of the HEMP seem to suggest it is [38].
Figure 3-3: Schematic of the Thales HEMP thruster basic operating principles and
magnetic field profile [4].
Several variations of the HEMP have been developed providing a range of thrusts
and efficiencies. The HEMP-T 3050 is reported to have an efficiency of 46% and a
thrust of 50 mN [39, 40]. The HEMP also suffers from a divergent plasma plume.
The majority of the plume seems to have a divergent angle of 35◦ with a hollow cone
in the center, although the divergence angle varies between reports [38, 41].
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3.3 Diverging Cusped Field Thruster Design
The DCFT was initially designed by Daniel Courtney in 2006 and has a strong sim-
ilarity to the HEMP and CHT designs drawing from favorable designs of both. The
schematic of the DCFT developed by Courtney is shown in Figure 3-4. Development
of the DCFT was based on a number of principles in order to provide an efficient low-
power thruster with limited erosion. The main concepts that were captured in the
design were: strong magnetic mirrors, protection of the thruster walls, and decreasing
magnetic field within a divergent channel. The strong magnetic mirrors would pro-
vide protection to the walls while also confining electrons. A magnetic field parallel
to the walls away from the magnetic mirrors would also protect the walls as electron
transport across field lines is lower than along field lines as previously mentioned.
Some amount of plume divergence was expected so a divergent channel was desired
in order to protect the walls by placing them out of the way of impingement by the
plume. A decreasing magnetic field towards the exit of the channel was intended to
reduce the possibility of ion magnetization as the ions were accelerated though the
thruster. A magnetic mirror reducing electron mobility to the anode was also desired
to prevent electrons flowing directly to the anode through the weak magnetic field
along the central axis of the thruster. In comparison to a conventional Hall thruster,
the DCFT enhances electron confinement beyond the typical ~E × ~B drift using mag-
netic mirrors. This greater confinement thereby reduces ion losses to the walls as
well as erosion of the walls due to the ion impingement [33]. For these reasons the
DCFT is expected to have better performance and longer life than traditional Hall
thrusters. Similarly to Hall thrusters, thrust is conveyed to the DCFT body by the
Lorentz force between the magnets and the captured electrons; not the acceleration
of the ions through the electric field.
3.3.1 DCFT Magnetic Design
As the main design requirements primarily focused on the magnetic design of the
thruster, the development of the magnetic circuit of the DCFT was the primary
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Figure 3-4: Schematic diagram of the DCFT basic operating principles [5].
focus in the initial design. A number of simulations were performed using Ansoft
Maxwell software to develop the magnetic configuration [42]. A basic magnetic cir-
cuit was designed and a number of parameters were varied until the design met the
specifications. As shown in Figure 3-5, the basic design consisted of three permanent
ring magnets aligned such that their poles alternate. Permanent magnets were se-
lected over electromagnets due to the field strength and complexity of the magnetic
design. Additionally the use of permanent magnets instead of electromagnets allows
for electrical power savings during thruster operation and a simpler PPU. Soft steel
(1018 Carbon steel) spacers were placed between the magnets as a means to focus
the cusp. A steel core was used at the base of the thruster to channel magnetic flux
into the axis of the thruster where the anode was located. The thruster dimensions
were selected to be of the same order as the BHT-200 [7]. The divergence angle was
somewhat arbitrarily selected as the expected divergence of the plume was unknown.
An annular region and stem in the base core were further developed to focus magnetic
flux through the anode. For simplicity, magnet thickness and outer diameter were
held constant. The final dimensions of the preliminary parameters were: a 20 mm
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minimum channel diameter at the base, a magnet outer diameter of 64 mm, a magnet
thickness of 12.5 mm, a spacer thickness of 2.5 mm, and a divergence angle of 22.5◦.
Figure 3-5: Magnetic circuit and dimension of the original DCFT designed by Dan
Courtney [2].
Since permanent magnets were being used, it was necessary to find a material for
the magnets that could maintain strong fields in the presence of elevated temperatures
and other magnets with opposite polarities. The two materials considered were the
rare earth Neodymium Iron Boron (NdFeB) and Samarium Cobalt (SmCo) magnets.
SmCo magnets were selected due to their better thermal properties and resistance to
demagnetization. SmCo magnets maintain high intrinsic fields in the presence of de-
magnetizing fields and have a maximum operating temperature of 300◦C [43]. While
Hall thrusters often see wall temperatures greater than 400◦C [30], good confine-
ment of electrons and proper thermal insulation were expected to maintain magnet
temperatures at appropriate levels during operation.
One concern with the SmCo magnets was the large field strength. In conventional
Hall thrusters, a strong magnetic field can effectively choke off electron flow to the
anode restricting the operation of the thruster. Should severe magnetic bottling
occur in the DCFT, the anode was designed such that its position could be varied
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Figure 3-6: Top-most SmCo magnet for the DCFT.
with respect to the field geometry by extending it further into the channel. This
allowed the use of strong fields for better plasma confinement away from the channel
walls.
The simulated magnetic field strength and magnetic flux lines of the initial DCFT
design are shown overlaid in Figure 3-7. Only the flux lines and field strength in
the channel need to be considered. The flux simulation shows that strong magnetic
mirrors were achieved at each of the cusps as well as at the anode. Also the flux
lines away from the cusps are roughly parallel to the channel walls. The magnetic
strength simulation shows a maximum strength of approximately 0.5 Tesla near the
wall of the upstream section of the thruster. The minimum strength near the center
of the downstream section of the DCFT is nearly zero. Magnetometer measurements
of the field confirmed the Ansoft simulation at least away from the cone walls [6, 2].
With the maximum field strength known, an analysis of ion magnetization within the
DCFT was performed. Assuming a xenon ion (mi = 2.18× 10−25 kg) was accelerated
through a 300 V potential in a 0.5 T magnetic field, the Larmor radius of the xenon
ion was found to be on the order of the thruster dimensions.
rli =
mivi
eB
(3.10)
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with
eVa =
1
2
miv
2
i (3.11)
rli =
√
2eVami
eB
= 57.1 mm (3.12)
While this suggests that weak magnetization of the ions could occur [44], the interac-
tions were not assumed to be significant, since the maximum field strength was used
and ion acceleration will likely occur away from the walls where the maximum field
is located.
Figure 3-7: Magnetic flux lines and magnetic field strength of the original DCFT
simulated in Ansoft Maxwell.
3.3.2 DCFT Structural Design
With the magnetic design finalized, the remainder of the structure of the DCFT was
then designed. All the materials used in the structures were non-magnetic so that
the magnetic configuration would not be altered. Figure 3-8 shows the components
of the DCFT.
A 316 stainless steel anode shown in Figure 3-9 was used in the first tests of
the DCFT. A flat circular tip sat above the stem of the steel core. The tip of the
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Figure 3-8: Basic structure and components of original DCFT designed by Dan Court-
ney [2].
anode was attached to a long rod going through the core to the back of the thruster
where an electrical connection could be made away from the plasma. The anode was
electrically insulated from the thruster body using a high purity grade boron nitride
sheath around the anode within the core and two boron nitride washers at either
end. Additional washers at the tip could be added as spacers to move the anode
further into the channel. The tip had a 5 mm diameter and was positioned 5 mm
from the edge of the core stem. The back of the anode was threaded such that a
screw could hold it in place and an electrical connection could be threaded onto it.
The stainless steel anode was eventually replaced due to sputtering damage during
testing. A new anode was made entirely of AFX-5Q Poco graphite since graphite has
a lower sputtering yield than steel and has good electrically conductivity [45].
Figure 3-9: Original DCFT anode designed by Dan Courtney [2].
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In addition to the ceramics used to insulate the anode, a high purity grade boron
nitride cone as shown in Figure 3-10 was placed over the channel walls to protect
the magnetic circuit. The cone had a flange on the downstream side such that it
could be held in place with a cap attached to the external structure. With the high
plasma temperature in the channel and some impingement losses expected, the cone
was necessary to thermally and electrically isolate the magnets from the plasma.
Thermal and erosive damage to the magnets could quickly alter the magnetic circuit
and affect thruster operation and performance. The radial thickness of the cone was
2.5 mm and also had a 22.5◦ angle to conform to the walls. Because some erosion due
to impingement was expected, the cone could eventually be eroded away exposing
the magnetic circuit. The time to complete erosion through the DCFT would be
considered the lifetime of the thruster [30].
Figure 3-10: DCFT ceramic cone. Dark areas are from graphite deposition. Erosion
near the cusps can clearly be seen.
The annular region near the core stem was used as part of the fuel inlet system.
A threaded hole in the back of the steel core connects to the annular chamber. A
1/8” propellant line can then be attached to the threaded hole in the back of the
core. A porous ring of stainless steel is used to cap the annular chamber such that
the fuel flow is effectively stagnated before entering the conical channel. This allows
the xenon propellant to diffuse uniformly through the porous ring as it enters the
conical region. A diffuser ring, shown in Figure 3-11, was selected with 10 µm pores
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to avoid needing a custom design [46]. The outer diameter of the annular chamber
was selected to match the diffuser ring for simplicity and a hole was drilled into the
ring for the stem. The diffuser ring was held down in place by the ceramic spacer
of the anode due to overlap of the outer portion of the spacer and the inner part of
the diffuser. A cryogenic break was attached to the propellant line at the rear of the
thruster to ensure the DCFT was electrically separated from the fuel lines [47].
Figure 3-11: Diffuser disc before being cut.
The final component of the DCFT structure is the 316 stainless steel external
shell, or casing as shown in Figure 3-12. The shell has a flange at the downstream
magnet interface and bolt holes near the bottom for screws to secure the base core
in order to contain the magnetic structure as there are large repulsive forces between
the magnets. Sitting above the shell flange, the ceramic cone flange is held in place
by a stainless steel cap screwed into the shell. A back plate attaches to the back of
the shell in order to connect to the DCFT stand and cathode plate.
3.3.3 DCFT Drawbacks
Despite the promise of better performance than typical Hall thrusters, the DCFT
does have a number of drawbacks. The divergent plume reduces thrust and efficiency
and is considered an unfavorable trait for flight missions. The divergent channel re-
sults in decreased neutral density as the xenon travels though the thruster. A lower
neutral density will reduce the utilization efficiency if ionization occurs near the exit
plane. While the CHT and HEMP claim to have distinctly separate ionization and
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Figure 3-12: Old shell casing and cap for the DCFT.
acceleration regions, it is known that the potential drop, and therefore ion acceler-
ation, begins in the ionization layer [48]. This seems to negate the possibility of a
clear separation between the ionization and acceleration regions. While this is sim-
ilar to a conventional Hall thruster, it does reduce the uniformity efficiency as all
the ions will not experience the same potential drop. Finally, bimodal operation has
been observed in the DCFT; however, the causes of the mode changes are unknown
making it difficult to predict thruster behavior [22, 49]. The two distinct modes are
a high anode current mode and a low anode current mode. The high current mode
is designated by a more diffuse plasma plume while the low current mode has a more
collimated beam although the beam divergence is relatively unchanged. The effects
of bimodal operation on characterization of the DCFT will be discussed later within
this thesis.
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3.4 DCFT Design Changes
While the DCFT designed in 2006 functioned reasonably well, a number of factors
motivated a redesign of the DCFT for this thesis. Operation problems of the original
DCFT, the potential for a flight mission on board a satellite, and a better understand-
ing of the processes occurring in the thruster provided clear goals in this redesign.
3.4.1 Preliminary Modifications
The operational issues of the DCFT were addressed first to ensure further testing of
the DCFT would not present similar difficulties as those observed in the initial design.
The largest problem with original DCFT was observed arcing during testing [2].
Several aspects of the thruster design were identified as possible causes of the arcing.
The use of a threaded fuel inlet did not provide a complete seal of the propellant
feed system allowing xenon to escape from the rear of the thruster and potentially
be ionized there. The overlap of the anode washer and diffuser ring as well as the
overlap of the ceramic cone and diffuser ring could trap xenon particles and allow
them to again be ionized in location other than the conical channel. To ensure xenon
was properly fed to the conical region of the thruster, both the fuel inlet and the
diffuser ring were modified. The fuel inlet was vacuum welded to the thruster core
to ensure a perfect seal was created. The dimensions of the diffuser ring and anode
washer were changed to ensure no overlap occurred. The size of the anode washer
used to hold the diffuser ring in place was reduced. The outer diameter of the diffuser
ring was also reduced; however, this caused the size of the diffuser ring to be custom,
making fabrication more difficult. It was determined that the use of a water jet
would not affect the porosity of the diffuser making fabrication possible although
still difficult. Since the ceramic washer no longer held the diffuser ring in place, the
diffuser ring was also welded to the core. Vacuum welding the diffuser ring proved
difficult, and its effects on the porosity were unknown making welding unviable. It
was later determined that the ring could be securely press fit into the steel core given
precise machining. The changes to prevent overlap on the diffuser ring are shown in
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Figure 3-13.
Figure 3-13: The new diffuser ring inner and outer diameter are highlighted showing
no overlap with the anode spacer or cone.
The durability of the anode design was also a concern. On a number of occa-
sions, the ceramic sheath and spacers used with the anode were cracked, no longer
providing complete insulation which could potentially produce arcing. The cracking
was attributed to the compressive force of over-tightening the nut at the back of the
anode to secure it in place. A spring was added next to the anode washer at the back
of the thruster such that the anode could be securely tightened in place without an
excessive force being applied to the ceramics. The damage to the washers also raised
durability concerns with the ceramic cone as well as the long graphite stem of the
anode. Over compression of the stainless steel cap on the cone was a possibility, but
allowing for space between the cap and the cone was also undesirable. If the cone
was not secure, vibrations or shocks to the DCFT, say during a rocket launch, could
damage the cone as well. A compressible Teflon ring was placed between the cone and
the stainless steel cap to again secure the cone without directly applying the force of
the cap. The graphite anode was replaced with a stainless steel anode with a graphite
threaded cap to provide strength and prevent sputtering damage. The components
of the new anode are shown in Figure 3-14. SolidWorks drawing of the new anode
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design can also be found in Appendix C.
Figure 3-14: The new anode components assembled (top) and separate (bottom).
3.4.2 CASTOR Satellite
A potential space validation mission for the DCFT became a possibility through the
development of the CASTOR satellite in the Space Systems Laboratory. CASTOR
was developed as part of the University Nanosatellite Program (UNP-6) Flight Com-
petition for the purpose of validating the DCFT on-orbit [50]. During the satellite
design phase, the reduction of unnecessary mass became of prime importance. For
this purpose, changes to the DCFT were made with the intent of reducing the size and
mass to meet program requirements while retaining the operational characteristics of
the initial incarnation. The original DCFT was nearly 6 kg mostly due to the outer
steel casing and steel core. It was expected that the use of steel was largely unneces-
sary to contain the repulsive forces of the magnets. The repulsive forces between the
magnets was measured to be approximately 350 N [2]. A safety factor was added to
allow for flexibility in future magnetic designs, so it was decided that the outer casing
should be able to support 1000 N. The inner radius was set to 32 mm by the outer
radius of the magnets and steel core. Aluminum has a tensile strength of 70 MPa;
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so from Equations 3.13 through 3.15, it can be seen that the necessary wall thickness
is only 0.071 mm. For ease of machining, the wall thickness was set to 2 mm such
that the outer radius of the shell was 34 mm. The outer radius of both the top and
bottom of the casing was left at 41 mm to accommodate the flange and bolt holes.
σ =
F
A
(3.13)
A = pi(r2o − r2i ) (3.14)
t = ro − ri (3.15)
It was also believed that the thickness of the steel core could be reduced without
negatively affecting the magnetic circuit. Simulations of the magnetic field were
performed using Ansoft for several reductions in core thickness. Ultimately, the steel
core thickness was selected to be 10 mm. The base core reduction was undertaken with
minimal impact on the magnetic field topology, as the simulations in Ansoft showed
there were no significant changes to the magnetic field strength and flux lines [51].
The magnetic bottling at the cusps and anode were retained, so it was assumed that
thruster operation would remain relatively the same. A comparison of the original
and new magnetic topologies is shown in Figure 3-15.
A SolidWorks model of the DCFT, as seen in Figure 3-16, was created based on the
modifications described here. The DCFT was then constructed with the majority of
the parts being machined on site by the author. The SmCo magnets were provided by
Dexter Magnetics [43], and the boron nitride cone was manufactured by Saint-Gobain
Ceramics [52]. The anode components were machined by Eric’s Machine Shop [53],
and the vacuum welding was performed by the Applied Energy Company [54]. The
completed thruster is shown in Figure 3-17. Figure 3-18 shows the DCFT with the
hollow cathode neutralizer.
As part of the CASTOR environmental testing, the DCFT was subjected to vibra-
tion and shock testing to determine its ability to survive launch loads. The resonant
modes in both the axial and radial axes of the DCFT were much larger than the
requirement of 100 Hz with both above 700 Hz [50]. The thruster did not experience
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(a) Old DCFT magnetic field. (b) New DCFT magnetic field and flux lines were
very similar to the old design.
Figure 3-15: A comparison of the old and new DCFT magnetic fields and flux lines.
any damage due to shock testing as well. The only problem encountered was the un-
threading of the anode during the vibration tests. While prevention of unthreading
was unnecessary for characterization testing of the DCFT, solutions were determined
for when a flight ready thruster would be made. The nut and electrical connection
to the anode at the back of the thruster could simply be welded to be kept in place.
However, securing the graphite cap to the stainless steel anode requires brazing using
special filler alloys of molybdenum or titanium [55].
98
(a) Isometric view of the DCFT CAD from
SolidWorks.
(b) Cutaway view of the DCFT CAD. Propellant inlet
and anode can be seen.
Figure 3-16: SolidWorks rendering of the DCFT. All SolidWorks drawing of the new
DCFT design can be found in Appendix C.
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(a) Assembled DCFT isometric view. (b) DCFT with the ceramic insulator
cone removed making the magnets vis-
ible.
(c) View inside the cone of the
DCFT.
(d) Back of the DCFT. Calibration
hook, propellant inlet, and anode
connection visible.
Figure 3-17: Multiple views of the assembled DCFT.
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Figure 3-18: The DCFT with the Busek Hollow Cathode attached.
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3.5 DCFT Proposed Magnetic Field Changes
One major drawback to the DCFT, at least in terms of being viable for a flight
mission, is the divergence of the plume. While the divergence does reduce efficiency
by a cosine squared term, the larger problem is the possibility of plasma beam im-
pingement on critical satellite hardware. Highly collimated beams are desirable for
electric propulsion in satellite applications as there is less of a chance the beam could
damage crucial components that may be near the thruster, such as solar cells. While
a satellite can certainly be designed around a divergent plume, the reduced flexibility
in design when space is often limited is a high price to pay when there are a number
of other potential thrusters that could meet the design criteria.
Reduction of the plume divergence has been at the forefront of investigations
regarding the DCFT. It was theorized that the divergence angle was linked to the
exit separatrix of the DCFT [56]. The separatrix is the flux line with zero magnetic
flux, the null magnetic potential line. Figure 3-19 shows all the separatricies of
the DCFT. Probe measurements have confirmed long residency times for electrons
between the cathode and exit separatrix before entering the channel of the DCFT
such that the majority of ionization occurs near the exit separatrix and the majority
of the potential drop between the anode and cathode occurs downstream of the exit.
Hall thruster theory was roughly applied to the DCFT in an attempt to better
understand the connection between the exit separatrix and plume divergence [57, 58].
Assuming a collisionless, Maxwellian, isothermal plasma distribution, the electron
momentum equation is reduced to Equation 3.16. The electron pressure gradient
term can be assumed to be negligible when compared to the electric field near the
exit separatrix based on the electron density there [58]. Therefore, the electric field
is perpendicular to the magnetic field at the exit separatrix, as shown in Figure 3-20,
resulting in a beam divergence angle perpendicular to the separatrix. While not a
rigorous proof, this does provide some validation to the theory as the ions should
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Figure 3-19: Separatrix of the original DCFT. Notice the large curvature of the
downstream separatrix.
initially accelerate parallel to the electric field.
∇Pe
ene
− ~E = ~v × ~B (3.16)
Figure 3-20: Zoomed in view of DCFT exit separatrix.
A simple test to verify the effects of the separatrix on the plume divergence were
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performed by Taylor Matlock [6]. An electromagnet was attached to the exit plane
of the DCFT in order to deform the separatrix to have slightly less curvature. The
divergence angle of the plume without the use of the electromagnet was approxi-
mately 36◦; while the use of an electromagnet at 20 A produced a divergence angle
of approximately 32◦ as shown in Figure 3-21. Ion flux measurement using a Faraday
probe confirmed that there was a reduction in the angle of peak ion flux by nearly
5◦ [6].
(a) DCFT firing with electromagnet
off.
(b) DCFT firing with electromagnet
on. Thin line is divergence with mag-
net off for comparison.
Figure 3-21: Effects of modifying the DCFT exit separatrix with an electromagnet
[6].
In order to reduce the divergence as much as possible, a flat separatrix was desired.
A number of designs were simulated in Ansoft by the author, and two potential designs
were selected as shown in Figures 3-22 and 3-23. Both designs used the addition of
a 4th magnet to flatten the exit separatrix. The first design used a ring magnet
placed approximately 15 mm from the exit plane with a polarity repelling the most
downstream magnet. The design flattened the central portion of the exit separatrix;
however, there was still significant curvature near the wall. Additionally, the addition
of this magnet created another separatrix downstream of the thruster. The effect of
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this separatrix was unknown, but ideally the ions would have accelerated enough
before they crossed this final separatrix so that they would not be affected by it.
Placement of the cathode neutralizer in this design would be between the exit plane
and the additional magnet such that coupling could occur with the flux lines leading
toward the cone, although some coupling with the final magnet could be possible.
While this design was not ideal, the modification was relatively simple and the new
magnet easy to manufacture. The second design placed a ring magnet directly on top
of the DCFT at the exit plane, but used a magnet with a radially outwardly directed
field. The separatrix was significantly flatter with only a minor bulge near the center.
While this second design seemed better than the first, the main difficulty with the
design was the ability to manufacture the additional magnet. Creating a ring magnet
with a radially directed field was not possible with Samarium Cobalt. A Neodymium
magnet could be bonded in that shape; however, it would be expensive and the low
heat tolerance of Neodymium could make the magnet susceptible to demagnetization.
Several Samarium Cobalt arc magnets could be made and then placed together to
make a ring, although it would produce a slightly deformed magnetic field. Ultimately,
both designs were abandoned as another design was developed by another student
with a nearly flat exit separatrix that used only axially magnetized magnets and is
currently being produced [6, 59].
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(a) The new separatrix was flat-
ter near the center but still had
large curvature near the walls.
(b) Magnetic field strength and flux lines of first
new design.
Figure 3-22: First new potential magnetic design to flatten the downstream separa-
trix.
(a) The magnet with a radial field
nearly flattened the separatrix.
(b) Magnetic field strength and flux lines of second
new design.
Figure 3-23: Second new potential magnetic design to flatten the downstream sepa-
ratrix. There were concerns about the feasibility of the design.
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Chapter 4
DCFT Performance Test Results
This chapter will discuss the tests runs on the DCFT using the MiNTS. All test runs
were performed at the MIT SPL. The laboratory facilities and equipment will first
be described followed by a description of the experimental setup and test procedures
as well as problems encountered and how they were addressed during the tests. The
results of the performance testing of the DCFT using the MiNTS will be provided.
Finally, a preliminary analysis of the results will be provided.
4.1 Facilities and Equipment
The MIT SPL facilities are equipped for testing various electric thrusters. The equip-
ment is described in order to provide information such that the tests can be repeated
reliably if necessary. Further description and operational procedures can be found on
the SPL website [60].
4.1.1 MIT Facilities
The MIT SPL vacuum chamber, ASTROVAC, has a 1.5 m diameter by a 1.6 m depth
and is equipped with a mechanical roughing pump and two CTI cryopumps capable
of pumping roughly 7500 L/s of xenon [61]. The chamber pressure is monitored by
an Agilent inverted magnetron gauge capable of measuring sub-microtorr pressures.
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Two FMA6502ST-XE Omega mass flow controllers are connected to the chamber
to provide flow control and measurement to the cathode and anode from 0 through
10 standard cubic centimeters per minute (sccm) [62]. Two oxygen filters are used on
the cathode feed line to maintain the xenon purity levels required for proper cathode
operation. The fuel system allows for up to four different gases to be used with
the thruster or cathode. The system is currently set up with xenon, argon, helium,
and nitrogen although only xenon and argon are actually used for thruster operation.
The facility also has two 1.5 kW Agilent N5772A DC programmable power supplies to
provide power to the keeper and anode, and an Agilent E3633A DC regulated power
supply to provide power to the heater in the cathode [61]. The DCFT body was left
floating electrically while the anode and cathode potentials were applied with respect
to a common ground in the chamber. In some of the more recent tests, the anode
and cathode potentials were left floating to better simulate operation on a satellite in
space. The laboratory computer, using National Instruments hardware and software,
is capable of controlling and recording power, fuel flow rates, and the thrust stand
Control Box. The laboratory facility can be seen in Figure 4-1.
Figure 4-1: ASTROVAC, flow system, power supplies, and laboratory computer.
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4.1.2 Busek Hollow Cathode
The cathode neutralizer used with the DCFT is the Busek BaO-W hollow cathode
(BHC-1500) shown in Figure 4-2 [63]. The cathode consists of a heater for cathode
conditioning at the beginning of the operation and a keeper to maintain an electron
flow from the cathode at a low power. The conditioning phase at the beginning
prevents cathode damage or contamination by heating the cathode in a slow and
precise manner by controlling the current. A current of 2.0 A must be maintained to
the heater for 90 minutes followed by 4.0 A for another 90 minutes and then 6.0 A for
30 minutes while at least 1 sccm of high purity gas is provided to the cathode starting
before conditioning begins and continuing while the cathode is operating. The current
can then be increased to 6.5 A for 10 minutes followed by the ignition of the keeper.
Once the keeper is operating, the power to the heater can be decreased and then shut
off. The keeper will maintain the internal heat of the cathode to operate at a lower
power than the heater. The current to the keeper should be maintained at 0.5 A to
sustain cathode operation and prevent over-heating. Theoretically, the keeper can be
shut off once the cathode has coupled to the thruster; however, instabilities within the
thruster make this fairly difficult. The heating process creates thermionic emission
of Barium Oxide within the cathode. The flow of xenon atoms, xenon ions, and
electrons maintains a quasi-neutral plasma within the cathode for operation. During
all tests the cathode was located with the tip 31.8 mm radially and 27.5 mm axially
from the edge of the DCFT exit plane in order to remain consistent with previous
tests [2, 64, 49, 65].
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Figure 4-2: Busek BaO-W hollow cathode (BHC-1500) used as the neutralizer with
the DCFT.
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4.2 Experimental Setup and Test Plan
This section describes the setup procedures for the DCFT performance tests. The
initial plan to characterize the performance of the DCFT was to run the thruster
between 200 and 600 V in increments of 50 V for anode flow rates between 4 and
10 sccm in increments of 1 sccm. This section also addresses several difficulties that
were encountered during experimental testing and the solutions used to mitigate the
problems.
4.2.1 DCFT Test Procedures
Before each DCFT test run, a number of preliminary tasks had to be completed in
order to begin the run. Once the MiNTS and DCFT were positioned in the chamber
and all electrical and propellant connections were made, the MiNTS was calibrated. It
was important that calibration occurred after connections were added as they would
add unknown stiffness to the stand making a previous calibration useless. After
calibration of the MiNTS, contact with the ASTROVAC chamber was limited in order
to avoid the possibility of shocking the system and negating the previous calibration.
The ASTROVAC system was then evacuated to low vacuum, a few millitorr, using
the mechanical roughing pump. The cryopumps were then opened to the chamber
and a higher vacuum was achieved. After the chamber evacuation, the neutral point
of the MiNTS was again checked to ensure that it was not affected by the pumps.
With the chamber pressure bottomed out and the MiNTS ready to begin data
collection, the cathode was then conditioned. Cathode conditioning was performed
using high purity argon as recommended by Busek to avoid wasting expensive xenon
gas. A small amount of argon was also used to purge the DCFT fuel line. At the
completion of conditioning, the cathode keeper and the DCFT could then be ignited
as shown in Figure 4-3. Both the cathode and the thruster were switched to xenon.
During all tests, ultra high purity (99.999%), also known as space grade, xenon was
used. A high voltage applied across the keeper would ignite the keeper. Once the
keeper was ignited, the desired voltage would be applied to the anode to begin DCFT
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operation. Occasionally, the keeper and anode were ignited simultaneously. The
keeper current was maintained at 0.5 A while the voltage was allowed to vary. The
anode voltage was set to the test point while the current was allowed to vary. For
each data point, once stability was reached, thrust data would be recorded using the
MiNTS. For each trial, generally a voltage sweep of the anode was performed (holding
the flow rate constant while varying the voltage); although during some tests, a flow
rate sweep was performed. The Labview VI DCFT SingleTabTS is used to control
the flow meters and power supplies. The front panel and block diagram of the VI is
included in Appendix H.
Figure 4-3: The DCFT operating in the ASTROVAC chamber during performance
testing.
4.2.2 Problems Encountered
During the performance testing, a few problems were encountered that created dif-
ficulties with data acquisition. The largest problem was due to current oscillations
in the thruster while the DCFT was operating. These oscillations created noise in
the thrust stand program making the data obtained unusable. In order to reduce the
effects of the high frequency oscillations, ferrite cores with high impedances for the
frequency of oscillations (about 1 MHz) were used to damp out the oscillations. The
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Figure 4-4: The DCFT and MiNTS during performance testing.
wires for the anode and keeper were both wrapped around a ferrite core, as shown
in Figure 4-5, several times to reduce the oscillations. With the high frequency oscil-
lations removed, the MiNTS signal was again readable. The oscillations also caused
over-voltages on the DAQ input signals which caused Labview to stop running. The
over-voltages were eliminated by placing 0.047 millifarad capacitors on the DAQ input
for the LVDT.
Midway through the first test, the LVDT unexpectedly stopped producing a signal.
The cause for this is still unknown, but it was suspected that the plasma from the
DCFT somehow affected the LVDT. The LVDT had to be replaced, so the LVDT
and the primary voice coil were moved to the back side of the MiNTS, even further
away from the plasma plume in hopes that this would prevent further damage to the
LVDT. The LVDT did not experience any difficulties in all future tests after it was
moved to the rear of the MiNTS.
Cathode ignition proved to be problematic the first several testing attempts. It
was later discovered that the cathode was being contaminated and was nearly poi-
soned during operation due to a rather large leak in the xenon feed system that
allowed air into the cathode fuel line. The leak was detected in the oxygen filter and
the entire filter system for the cathode was replaced. After the filters were replaced,
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Figure 4-5: Ferrite core used on the anode and keeper power lines to reduce oscilla-
tions.
no leaks were detected and the cathode was able to operate normally.
The final complication during testing was the failure of one of the Agilent power
supplies to adequately control the keeper voltage. The keeper was moved to a 1.0 kW
DC Sorensen power supply for the remainder of the tests. The Sorensen was not
directly connected to the Labview software, so it had to be controlled and have its
outputs recorded manually. Care had to be taken when the anode was left floating, as
the combined voltage of the keeper and anode power supplies could not exceed 600 V.
This was only significant during keeper start up as a large voltage was necessary to
ignite the keeper. Normal operation voltage of the keeper is around 20 V.
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4.3 DCFT Experimental Characterization
This section presents the results of all of the performance tests and provides back-
ground on the preliminary analysis of the data and some of the errors associated with
the data.
4.3.1 Results Background
As previously mentioned, three separate tests were used to obtain performance char-
acterization of the DCFT. While not every voltage-flow rate combination that was
planned was obtained, most of them were obtained and give a better understanding
of performance of the DCFT. The first test was a flow rate scan with the anode po-
tential set to 400 V. The anode flow rate was varied from 6 to 10 sccm in increments
of 2 sccm initially. At 10 sccm the chamber pressure increased to 5×10−5 Torr which
caused arcing to occur throughout the chamber. The DCFT was immediately shut
off to allow the chamber to return to a lower pressure. The DCFT was reignited at
4 sccm; however, the LVDT became unresponsive, as mentioned previously, before
more results could be obtained. Following this test, the DCFT was no longer run at
total flow rates above 10 sccm to prevent further arcing within the chamber.
Once the LVDT was replaced, the performance testing resumed. Both the second
and third tests were anode voltage sweeps. During these tests, the anode voltage was
left floating so 600 V across the anode could not be tested as it would cause an over-
voltage on the power supplies. The anode voltage was incremented or decremented
by 50 V during the tests. During the two tests, five voltage scans were performed,
each for a different anode flow rate. The flow rates for the second test were 4, 6, and
8 sccm. The flow rates for the third test were 7 and 8.5 sccm. Due to time constraints,
8.5 sccm was tested instead of 5 sccm in order to provide comparison to previous
characterization performed at Busek [2]. When changing flow rates, the DCFT was
temporarily shut off to check the zero force measurement and tare the MiNTS as
necessary. The MiNTS exhibited several drifts during the second test possibly due
to a variety of reasons. Some of the drifts were noticed and were cancelled with
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the secondary voice coil; however, some were not noticed immediately and created
large errors in the data, such as efficiencies over 100%. Incomprehensible data were
discarded creating several gaps in the voltage-flow rate combinations.
During all the tests, data were recorded for 1 to 2 minutes once the MiNTS output
became relatively stable for a given voltage-flow rate pair. The average output and
standard deviation was calculated for each recording. Several voltage-flow rate pairs
were tested multiple times, but most were tested only once due to time constraints.
For the points that were tested multiple times, each point was retained but was used
to calculate an overall average and standard deviation for that point and is reported
in this thesis as such so that each voltage-flow rate pair only has one data point
associated with it in the graphs of the results. All data points recorded are presented
in Appendix J. Each data point has some amount of uncertainty associated with it due
to the uncertainties in the calibration curve as well as the measurement uncertainty
while recording the voice coil output. The standard errors of the slope and intercept
of the calibration curves were calculated and were combined with the standard error of
the voice coil measurements using basic error propagation to determine the standard
error of the output force of the DCFT. The standard error was multiplied by a factor
of 1.96 in order to obtain a 95% confidence interval on the data as shown with the error
bars on the results graphs. A derivation of the equations used for error propagation
is included in Appendix I.
It is important to note that nearly 99.99% of the error calculated came from the
uncertainties in calibration, emphasizing the importance of a reliable calibration. The
remaining error was due to measurement uncertainty of the voice coil signal. Data
associated with the first two tests contained more error due to less precise calibrations
as determined by the R2 coefficient of determination of the calibration curves. The
calibrations were less precise because of a busy laboratory environment contributing
noise during the calibrations.
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4.3.2 Performance Results
All of the results from the performance characterization are presented in Figures 4-6
through 4-12. The thrust ranged from approximately 3.5 to 16 mN. Anode efficiency
varied from 16% to 40%, and specific impulse varied from approximately 800 to 1740 s.
Maximum thrust of 15.9 mN was obtained at 400 V and 8 sccm to the anode. This
corresponded to a specific impulse of 1654 s and an efficiency of 29.9%. The DCFT
achieved a maximum specific impulse of 1734 s at 550 V and 8.5 sccm corresponding
to a thrust of 14.2 mN and an efficiency of 35.6%. A maximum efficiency of 39.3%
was achieved at 450 V and 8.5 sccm; however, two other measurement taken at these
conditions lowered the average efficiency, so it is reported as 37.7% in the Figure 4-
8. The thrust and specific impulse for this efficiency were 11.8 mN and 1436 s,
respectively.
As previously mentioned, two modes of operation were observed during the DCFT
testing, a high current mode and a low current mode as shown in Figure 4-13. From
Figure 4-9, it can be seen that the voltage for mode transition varies between different
anode flow rates. Also, the distinction between the high and low current modes was
blurred with the DCFT often operating in a “mixed” mode. In the “mixed” mode,
the anode current increased, and a more diffuse plasma plume was observed, but clear
beam collimation still existed at the divergence angle.
The mode changes had an effect on performance with increases in anode current
often corresponding to a decrease in efficiency at a given flow rate. For some of the
measurements, the efficiency did not decrease with an increase in anode current which
is possibly due to the “mixed” mode operation. The DCFT primarily operated in the
“mixed” mode for all increases in anode current. The only points when the DCFT
truly operated in high current mode was for 400 V at 10 sccm, 500 V at 6 sccm, and
550 V at 7 sccm; and a clear drop in efficiency can been seen for those points.
As a check for the reliability of the results, the force of just neutral gas flow
through the DCFT was measured. At 6 sccm, the expected force of the inert gas can
be calculated from Equations I.1 and I.2 and is approximately 0.129 mN assuming
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room temperature conditions. At 6 sccm total flow and the DCFT off, the MiNTS
measured a force of 0.190 mN indicating the results were fairly reliable despite the
significant uncertainty due to the MiNTS calibrations.
c¯n =
√
8kT
pim
(4.1)
Fn = m˙nc¯n (4.2)
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Figure 4-6: DCFT Anode Voltage vs. Thrust. Error bars provide a 95% confidence
interval.
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Figure 4-7: DCFT Anode Voltage vs. Specific Impulse.
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Figure 4-8: DCFT Anode Voltage vs. Anode Efficiency.
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Figure 4-9: DCFT Anode Voltage vs. Anode Current.
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Figure 4-10: DCFT Anode Voltage vs. Anode Power.
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Figure 4-11: DCFT Anode Power vs. Thrust.
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Figure 4-12: Specific Impulse vs. Thrust/Power. Solid line represents 100% efficiency.
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(a) DCFT discharge in low anode current mode.
Beam collimation at an angle is clearly visible.
(b) During DCFT discharge in high anode
current mode. Diffuse plume is noticeable
when compared to low current mode.
Figure 4-13: The two distinct operating modes of the DCFT.
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4.4 DCFT Performance Analysis
Further analysis of the DCFT performance results was used to determine trends,
compare the current results to previous results, and to account for facility effects that
may require adjustments of the results.
4.4.1 Further Analysis and Comparison to Previous Results
Looking at the results as a whole, a few trends are observed. The most apparent trend
is that thrust increases relatively linearly with anode power as shown in Figure 4-11.
Thrust also generally increased with increasing anode flow rates as seen in Figure 4-6.
Using Figures 4-8 and 4-10, there appears to be no correlation between efficiency and
power or flow rate. While higher powers in electric propulsion often correspond to
higher efficiencies, the two are likely uncorrelated in the DCFT as it is not optimized.
While the transition voltage between high and low current modes varied between the
different flow rates, the DCFT generally operated in low current mode between 300
and 500 V suggesting that an optimum performance for the DCFT is likely in this
range.
Preliminary measurements taken by Dan Courtney at Busek are in rough agree-
ment with the results presented here. The preliminary measurements were taken at 7
and 8.5 sccm for anode voltages between 300 and 600 V and at 10 sccm for voltages
between 300 and 400 V [2]. The thrust and specific impulse match fairly well between
the two tests with the DCFT discussed in this thesis performing slightly worse at low
voltages and slightly better at high voltages. The main difference between the two
sets of results is that higher efficiencies were measured in the previous test due to less
power consumption.
4.4.2 Facility Effects and Adjustment of Results
Accounting for facility and equipment effects is an important part of electric propul-
sion analysis. One concern with the results presented in this thesis is the high chamber
back pressures present throughout testing. Previous research on chamber effects has
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suggested that back pressures above 5 × 10−5 Torr can compromise the validity of
performance measurements [66, 67, 68]. The chamber pressures in ASTROVAC were
generally in the ranges of 2.5×10−5 Torr to 5.5×10−5 Torr, adding some uncertainty
to the results. The back pressure is a function of total (anode and cathode) flow rate
based on the pumping speed of the cryopumps. The high pressures would effectively
increase the flow rate to the anode based on thruster exit area creating the need for
an adjusted flow rate. Since the cryopumps had a limited pumping speed, the high
pressures were an indicator of the amount of used xenon still in the chamber. The
used xenon near the thruster could be reused to create extra thrust thereby altering
the specific impulse and efficiency due to the increased flow rate. Adjusted flow rates
can be calculated using Equation I.3, and then are added to the supplied anode flow
rate to get the total expected anode flow rate. A flow rate increase of greater than
3% is expected to affect results [66].
m˙adj =
m
1/2
XeAPc
(2pikT )1/2
(4.3)
Chamber pressures were recorded for various total flow rates to develop a rela-
tionship between them as shown in Figure 4-14. The pressures were recorded by hand
so no statistical analysis is provided, and the results here are merely meant to give
the reader a general idea of the issue. The relationship between total flow and back
pressure was used to adjust the anode flow rate for the tests as shown in Table 4.1.
Table 4.1: Adjusted anode flow rates based on chamber back pressure due to total
set flow rate.
Set Anode Total Flow Extra Flow Anode Adjusted
Flow [sccm] [sccm] [sccm] Flow [sccm]
4 5 0.97 4.97
6 7 1.36 7.36
7 8 1.55 8.55
8 9 1.75 9.75
8.5 9.5 1.85 10.35
10 11 2.14 12.14
The increase in flow rates due to pressure was greater than 3%, so the results were
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Figure 4-14: Effects of total flow rate on chamber back pressure.
Linear fit: y = (6.71× 10−4)x - 3.46× 10−5.
adjusted to account for the calculated flow rates. The adjusted results are shown in
Figures 4-15 through 4-16.
The adjusted flow rates were nearly a 20% increase to the set flow rates causing
significant decreases in efficiency and specific impulse. Such a large drop off seems
questionable as the measurements taken at Busek are roughly similar to the results
here, but were measured at chamber pressures more than ten times lower than the
pressures in ASTROVAC [2]. It is likely that the flow rate adjustment equation
does not adequately model the increases in flow rate for the DCFT as the equation
was developed for a SPT-type Hall thruster [66]. Facility back pressure also affects
other characteristics of the thruster making it difficult to predict changes in perfor-
mance [69]. The increased flow rate in the DCFT could be lower than predicted by
the model due to factors such as the conical shape and the location and size of the
ionization region. Further analysis should be performed on the DCFT to find a better
model of how high chamber pressures affect the DCFT performance.
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Figure 4-15: Effect of high chamber pressure on specific impulse.
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Figure 4-16: Effect of high chamber pressure on efficiency.
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Chapter 5
Recommendations and Conclusions
5.1 Recommendations for Future Work
5.1.1 MiNTS Recommendations
While the MiNTS was used to successfully characterize the performance of the DCFT,
a number of recommendations based on several observations from the testing are pro-
vided. These recommendations are provided to reduce the uncertainties in the cali-
bration and performance tests. Since the uncertainties in calibration heavily impact
the uncertainties in the results, precise calibrations are crucial. Limiting the noise
from the laboratory environment during calibration can help to improve the accuracy
of the calibrations. Since there is likely a small discrepancy in the desired location
of the center of mass and the actual location of the center of mass, large amounts
of vibrational noise can still affect the MiNTS. Another likely cause of errors in the
calibrations is the friction between the calibration string and the pulley. During the
calibration stand friction test, the coefficient of friction varied significantly. It is pos-
sible that external factors such as humidity or air currents could affect the frictional
force. Providing a known force for calibration that does not require contact with the
MiNTS may help increase the accuracy of the calibration.
Additionally, better use of the secondary voice coil during test could help reduce
the amount of invalid and questionable results to provide a more accurate charac-
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terization. Currently, the secondary voice coil is used only when results become
questionable and is used to tare the stand to the primary voice coil output corre-
sponding to zero force while the thruster is off. The secondary voice coil could be
used instead to recalibrate the stand during tests. If the secondary voice coil pro-
vides a known force, the MiNTS can be calibrated inside of the vacuum chamber.
This would ensure accurate results regardless of how long the stand has been in the
chamber and in spite of any shift in the external connections to the stand. It may
also be beneficial to continually check that the zero force output of the primary voice
coil remains consistent during a sweep by shutting off the thruster between voltage
steps. If any change is noticed, the MiNTS can be recalibrated immediately.
Finally, a more thorough thermal analysis of the MiNTS is necessary. While the
conclusion of the results of the thermal test in this thesis was that there were no
thermal drifts, a full calibration could not be performed. Using a device that can
produce a known force without directly contacting the MiNTS would eliminate the
problems of expansion and contraction of external connections to the stand during
the thermal test. This would allow for a full calibration during a thermal test without
external forces affecting the results.
5.1.2 DCFT Recommendations
While the performance characterization discussed in this thesis has provided more
data on the DCFT, the performance analysis of the DCFT is far from complete.
Testing all of the anode voltage-flow rate combinations is necessary for a better un-
derstanding of how performance varies in the DCFT. Each combination should be
tested multiple times to determine variability in performance due to factors such as
thruster body heating, which could affect the magnetic field and the power draw of
the thruster. Further testing should also provide insight to how the different current
modes affect performance.
A better model of the effects of chamber back pressure on performance is also
necessary. The high chambers pressures in ASTROVAC likely affect the DCFT but
not to the extent predicted in this thesis. Also, testing the DCFT in a chamber that
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can support total flow above 10 sccm and at 600 V on the anode is necessary to obtain
a more complete picture of the DCFT performance. Diagnostic testing of the DCFT
to determine the segmented efficiencies that are part of the total anode efficiency are
also necessary to determine where the majority of the losses are in this thruster.
Another interesting test would be the effect of the cathode on performance. The
DCFT used in this thesis was occasionally capable of operating without powering the
heater or keeper due to good plasma coupling that sustained thermionic emission by
the flow of current through the anode and cathode circuit. Several minutes after the
cathode keeper had been ignited, it could be shut off without affecting the thruster.
Effects of the cathode on the DCFT performance are not understood; and changes to
the cathode flow rate, position, and whether or not it is powered could significantly
affect the DCFT performance [70].
Finally, should a new, less divergent DCFT be constructed, it should also be
characterized using the MiNTS to compare performance with this DCFT. While the
less divergent DCFT could increase the efficiency by cosine squared of the beam
divergence, many of the processes in the DCFT are still not fully understood making
it difficult to predict how performance will change with less divergence.
5.2 Conclusion
A performance characterization of the MIT DCFT was completed using the MiNTS.
Results were comparable to previous performance exhibited by the DCFT and also
comparable to similar Hall thruster-type technology performance. Several modifi-
cations to the original DCFT were made to create a more robust and lightweight
thruster capable of surviving space flight. The design of the MiNTS drew from pre-
vious thrust stand designs while eliminating their drawbacks to create an accurate
and robust thrust measurement platform. The thruster operated at a peak efficiency
of 39.3% producing 11.8 mN of thrust with a specific impulse of 1436 s requiring
210 W of anode power. The performance of the DCFT is promising as it is currently
not optimized with respect to its size, magnetic strength, and cathode position as
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a function of power; yet its performance is comparable to proven technologies while
also promising longer lifetime due to reduced erosion.
Several important observations during the test campaign were made. Precise
calibration of the MiNTS is crucial as uncertainty in the performance is caused over-
whelmingly by the uncertainties in calibration. Improving the PID gains in the thrust
stand VI may help to reduce the uncertainties and improve the response of the voice
coils. Performing calibration with a device that provides a known force without re-
quiring direct contact may reduce uncertainties that are caused by friction. Cathode
coupling seems to have improved as the cathode is capable of sustaining emission
without keeper and heater power, although not very reliably. The two current modes
in the DCFT seem to affect performance but not enough data points were gathered to
provide a conclusive relationship. A third “mixed” mode was apparent during DCFT
operation and was fairly prevalent at high anode currents as opposed to the previously
observed high current mode behavior. Finally, facility effects on performance were
investigated although the model seemed to overestimate the actual effects caused by
high chamber back pressures.
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Appendix A
Milli-Newton Thrust Stand
SolidWorks Drawings
All units are in inches.
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Appendix B
Calibration Stand SolidWorks
Drawings
All units are in inches.
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Appendix C
Diverging Cusped Field Thruster
SolidWorks Drawings
All units are in millimeters.
161
5.
03
7.
95
D
e
p
th
: 2
.6
5m
m
3.75
4
9.55
64
6
41
7.75 12
53
2
68
82
60.75
58.52
55.21
74
TO
P
Ta
p
:4
-4
0
364.
09
Ta
p
: 1
0-
24
SI
D
E
BO
TT
O
M
o
ut
sid
e
Sh
e
ll
SH
EE
T 
1 
O
F 
1
SC
A
LE
: 1
:1
D
im
. m
m
 
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
1
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
162
82
68
 39 
 
2.
26
 
3
D
C
F 
to
p
rin
g SHE
ET
 1
 O
F 
1
SC
A
LE
: 1
:1
D
im
: m
m
 
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
1
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
163
7.
50
2.
50
3
9
7.
74
49.50
 67
.50
° 
74
56
 15 
 20 
D
O
 N
O
T 
SC
A
LE
 D
RA
W
IN
G
C
e
ra
m
ic
 In
su
la
to
r
SH
EE
T 
1 
O
F 
1
U
N
LE
SS
 O
TH
ER
W
IS
E 
SP
EC
IF
IE
D
:
SC
A
LE
: 1
:1
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
D
A
TE
M
FG
 A
PP
R.
EN
G
 A
PP
R.
C
H
EC
KE
D
D
RA
W
N
M
A
TE
RI
A
L
D
IM
EN
SI
O
N
S 
A
RE
 IN
 M
M
3
2
1
01
/1
1/
20
06
12
/1
2/
20
06
Bo
ro
n 
N
itr
id
e
 G
ra
d
e
 H
P
01
M
IT
 S
p
a
c
e
 P
ro
p
ul
sio
n 
La
b
o
ra
to
ry
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
164
64
3
60
14
10
11
< 
30
 D
e
g
.
16.50
12
5
4.83
6
2
1.59
12
3.
18
4.
19
8.38
Ta
p
 1
0-
24
 H
o
le
B C D
1
2
A
3
2
1
4
BA
5
6
M
A
TE
RI
A
L:
D
O
 N
O
T 
SC
A
LE
 D
RA
W
IN
G
RE
V
IS
IO
N
TI
TL
E:
D
W
G
 N
O
.
SC
A
LE
:1
:2
SH
EE
T 
1 
O
F 
1
A
4
C
W
EI
G
H
T:
 
D
C
F 
c
o
re
St
e
e
l 1
01
8
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
165
12.50
67
.50
°
NS
64
20
30.36
M
a
g
ne
tic
 O
rie
nt
a
tio
n
M
IT
 S
p
a
c
e
 P
ro
p
ul
sio
n 
La
b
o
ra
to
ry
SC
A
LE
:1
:1
SI
ZE
D
W
G
.  
N
O
.
A
RE
V
.
M
A
TE
RI
A
L
FI
N
IS
H
Sm
C
o
--
D
O
  N
O
T 
 S
C
A
LE
  D
RA
W
IN
G
D
IM
EN
SI
O
N
S 
A
RE
 IN
 M
M
N
A
M
E
D
A
TE
D
RA
W
N
C
H
EC
KE
D
EN
G
 A
PP
R.
M
FG
 A
PP
R.
Q
.A
.
SH
EE
T 
1 
O
F 
1
W
EI
G
H
T:
C
O
M
M
EN
TS
:
Ba
se
 M
a
g
ne
t
14
/1
1/
20
06
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
166
12.50
67.
49°
S
M
a
g
ne
tic
 O
rie
nt
a
tio
n
64
42.78
32.42
N
M
IT
 S
p
a
c
e
 P
ro
p
ul
sio
n 
La
b
o
ra
to
ry
SC
A
LE
:1
:1
SI
ZE
D
W
G
.  
N
O
.
A
RE
V
.
M
A
TE
RI
A
L
FI
N
IS
H
Sm
C
o
--
D
O
  N
O
T 
 S
C
A
LE
  D
RA
W
IN
G
D
IM
EN
SI
O
N
S 
A
RE
 IN
 M
M
N
A
M
E
D
A
TE
D
RA
W
N
C
H
EC
KE
D
EN
G
 A
PP
R.
M
FG
 A
PP
R.
Q
.A
.
SH
EE
T 
1 
O
F 
1
W
EI
G
H
T:
C
O
M
M
EN
TS
:
M
id
d
le
 M
a
g
ne
t
14
/1
1/
20
06
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
167
12.50
67.
52°
NS
M
a
g
ne
tic
 O
rie
nt
a
tio
n
64
55.20
44.85
M
IT
 S
p
a
c
e
 P
ro
p
ul
sio
n 
La
b
o
ra
to
ry
SC
A
LE
:1
:1
SI
ZE
D
W
G
.  
N
O
.
A
RE
V
.
M
A
TE
RI
A
L
FI
N
IS
H
Sm
C
o
--
D
O
  N
O
T 
 S
C
A
LE
  D
RA
W
IN
G
D
IM
EN
SI
O
N
S 
A
RE
 IN
 M
M
N
A
M
E
D
A
TE
D
RA
W
N
C
H
EC
KE
D
EN
G
 A
PP
R.
M
FG
 A
PP
R.
Q
.A
.
SH
EE
T 
1 
O
F 
1
W
EI
G
H
T:
C
O
M
M
EN
TS
:
To
p
M
a
g
ne
t
14
/1
1/
20
06
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
168
30
.3
6
32
.4
2
64
2.50
67
.50
°
D
C
F 
lg
sp
a
c
e
SH
EE
T 
1 
O
F 
1
SC
A
LE
: 1
:1
W
EI
G
H
T:
 
RE
V
D
im
: m
m
ASIZETITLE
:
1
M
a
te
ria
l:
St
e
e
l 1
01
8
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
169
42
.7
8
44
.8
5
64
67
.5
0°
2.50
D
C
F 
sm
sp
a
c
e
SH
EE
T 
1 
O
F 
1
SC
A
LE
: 1
:1
W
EI
G
H
T:
 
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
1
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
170
82
75
R4
1
4.83
10
18.85
31
31
4.34
36
19
6.
35
D
ril
l S
iz
e
:1
6
82
 d
e
g
. T
a
p
e
r I
ns
e
t
D
C
F 
Ba
c
kp
la
te
SH
EE
T 
1 
O
F 
1
SC
A
LE
: 1
:1
D
im
. :
 m
m
 
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
1
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
171
 3
0 
 3
0 
 3
0 
 3
 
 5
0 
 5
 
 3
 
 
4.
49
6 
#
16
 d
ril
l
 3
6 
 1
5 
 7
 
D
O
 N
O
T 
SC
A
LE
 D
RA
W
IN
G
c
a
lib
ra
tio
nh
o
o
k
SH
EE
T 
1 
O
F 
1
U
N
LE
SS
 O
TH
ER
W
IS
E 
SP
EC
IF
IE
D
:
SC
A
LE
: 1
:1
W
EI
G
H
T:
 
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
N
A
M
E
D
A
TE
C
O
M
M
EN
TS
:
Q
.A
.
M
FG
 A
PP
R.
EN
G
 A
PP
R.
C
H
EC
KE
D
D
RA
W
N
FI
N
IS
H
M
A
TE
RI
A
L
IN
TE
RP
RE
T 
G
EO
M
ET
RI
C
TO
LE
RA
N
C
IN
G
 P
ER
:
D
IM
EN
SI
O
N
S 
A
RE
 IN
 IN
C
H
ES
TO
LE
RA
N
C
ES
:
FR
A
C
TI
O
N
A
L
A
N
G
U
LA
R:
 M
A
C
H
   
  B
EN
D
 
TW
O
 P
LA
C
E 
D
EC
IM
A
L 
   
TH
RE
E 
PL
A
C
E 
D
EC
IM
A
L 
 
A
PP
LI
C
A
TI
O
N
U
SE
D
 O
N
N
EX
T 
A
SS
Y
PR
O
PR
IE
TA
RY
 A
N
D
 C
O
N
FI
D
EN
TI
A
L
TH
E 
IN
FO
RM
A
TI
O
N
 C
O
N
TA
IN
ED
 IN
 T
H
IS
D
RA
W
IN
G
 IS
 T
H
E 
SO
LE
 P
RO
PE
RT
Y 
O
F
<I
N
SE
RT
 C
O
M
PA
N
Y 
N
A
M
E 
H
ER
E>
.  
A
N
Y 
RE
PR
O
D
U
C
TI
O
N
 IN
 P
A
RT
 O
R 
A
S 
A
 W
H
O
LE
W
IT
H
O
U
T 
TH
E 
W
RI
TT
EN
 P
ER
M
IS
SI
O
N
 O
F
<I
N
SE
RT
 C
O
M
PA
N
Y 
N
A
M
E 
H
ER
E>
 IS
 
PR
O
H
IB
IT
ED
.
5
4
3
2
1
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
172
82
25
10
31
12.50
12.50
10
31
31
3.45
D
ril
l S
iz
e
 2
7
8-
32
 T
hr
e
a
d
D
O
 N
O
T 
SC
A
LE
 D
RA
W
IN
G
D
C
F 
b
ra
c
ke
t
SH
EE
T 
1 
O
F 
1
U
N
LE
SS
 O
TH
ER
W
IS
E 
SP
EC
IF
IE
D
:
SC
A
LE
: 1
:1
W
EI
G
H
T:
 
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
N
A
M
E
D
A
TE
C
O
M
M
EN
TS
:
Q
.A
.
M
FG
 A
PP
R.
EN
G
 A
PP
R.
C
H
EC
KE
D
D
RA
W
N
FI
N
IS
H
M
A
TE
RI
A
L
IN
TE
RP
RE
T 
G
EO
M
ET
RI
C
TO
LE
RA
N
C
IN
G
 P
ER
:
D
IM
EN
SI
O
N
S 
A
RE
 IN
 IN
C
H
ES
TO
LE
RA
N
C
ES
:
FR
A
C
TI
O
N
A
L
A
N
G
U
LA
R:
 M
A
C
H
   
  B
EN
D
 
TW
O
 P
LA
C
E 
D
EC
IM
A
L 
   
TH
RE
E 
PL
A
C
E 
D
EC
IM
A
L 
 
A
PP
LI
C
A
TI
O
N
U
SE
D
 O
N
N
EX
T 
A
SS
Y
PR
O
PR
IE
TA
RY
 A
N
D
 C
O
N
FI
D
EN
TI
A
L
TH
E 
IN
FO
RM
A
TI
O
N
 C
O
N
TA
IN
ED
 IN
 T
H
IS
D
RA
W
IN
G
 IS
 T
H
E 
SO
LE
 P
RO
PE
RT
Y 
O
F
<I
N
SE
RT
 C
O
M
PA
N
Y 
N
A
M
E 
H
ER
E>
.  
A
N
Y 
RE
PR
O
D
U
C
TI
O
N
 IN
 P
A
RT
 O
R 
A
S 
A
 W
H
O
LE
W
IT
H
O
U
T 
TH
E 
W
RI
TT
EN
 P
ER
M
IS
SI
O
N
 O
F
<I
N
SE
RT
 C
O
M
PA
N
Y 
N
A
M
E 
H
ER
E>
 IS
 
PR
O
H
IB
IT
ED
.
5
4
3
2
1
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
173
75
82
10 31 31
12
.5
0
4.
50
D
O
 N
O
T 
SC
A
LE
 D
RA
W
IN
G
D
C
F 
b
a
se S
H
EE
T 
1 
O
F 
1
U
N
LE
SS
 O
TH
ER
W
IS
E 
SP
EC
IF
IE
D
:
SC
A
LE
: 1
:2
W
EI
G
H
T:
 
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
N
A
M
E
D
A
TE
C
O
M
M
EN
TS
:
Q
.A
.
M
FG
 A
PP
R.
EN
G
 A
PP
R.
C
H
EC
KE
D
D
RA
W
N
FI
N
IS
H
M
A
TE
RI
A
L
IN
TE
RP
RE
T 
G
EO
M
ET
RI
C
TO
LE
RA
N
C
IN
G
 P
ER
:
D
IM
EN
SI
O
N
S 
A
RE
 IN
 IN
C
H
ES
TO
LE
RA
N
C
ES
:
FR
A
C
TI
O
N
A
L
A
N
G
U
LA
R:
 M
A
C
H
   
  B
EN
D
 
TW
O
 P
LA
C
E 
D
EC
IM
A
L 
   
TH
RE
E 
PL
A
C
E 
D
EC
IM
A
L 
 
A
PP
LI
C
A
TI
O
N
U
SE
D
 O
N
N
EX
T 
A
SS
Y
PR
O
PR
IE
TA
RY
 A
N
D
 C
O
N
FI
D
EN
TI
A
L
TH
E 
IN
FO
RM
A
TI
O
N
 C
O
N
TA
IN
ED
 IN
 T
H
IS
D
RA
W
IN
G
 IS
 T
H
E 
SO
LE
 P
RO
PE
RT
Y 
O
F
<I
N
SE
RT
 C
O
M
PA
N
Y 
N
A
M
E 
H
ER
E>
.  
A
N
Y 
RE
PR
O
D
U
C
TI
O
N
 IN
 P
A
RT
 O
R 
A
S 
A
 W
H
O
LE
W
IT
H
O
U
T 
TH
E 
W
RI
TT
EN
 P
ER
M
IS
SI
O
N
 O
F
<I
N
SE
RT
 C
O
M
PA
N
Y 
N
A
M
E 
H
ER
E>
 IS
 
PR
O
H
IB
IT
ED
.
5
4
3
2
1
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
174
22
12
 Thread
2
4
 Thread
1
4
2
5
2
15
32
9
2
2
3
5
1.50
6
1
4
 Thread
2
G
ra
p
hi
te
 A
no
d
e
 C
a
p
9
4
A
no
d
e
 P
ie
c
e
s
(S
id
e
 a
nd
 T
o
p
 V
ie
w
s)
SH
EE
T 
1 
O
F 
1
SC
A
LE
: 3
:1
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
N
A
M
E
D
A
TE
C
O
M
M
EN
TS
:
C
H
EC
KE
D
D
RA
W
N
2
1
A
no
d
e
SS
 3
16
N
ut
St
e
e
l
Sh
e
a
th
BN
 
Sp
a
c
e
r A
1m
m
 th
ic
k
BN
 
Sp
a
c
e
r B
1.
5 
m
m
 th
ic
k
BN
 
M
IT
 S
p
a
c
e
 P
ro
p
ul
sio
n 
La
b
o
ra
to
ry
D
. C
o
ur
tn
e
y
M
a
r. 
1,
 2
00
7
A
ll 
d
im
e
ns
io
ns
 in
 m
m
M
a
te
ria
ls 
a
s 
in
d
ic
a
te
d
M
FG
 A
PP
R.
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
175
22
12
 Thread
2
2
 Thread
1
4
2
5
2
15
32
9
2
2
3
5
1.50
4
1
2
 Thread
2
G
ra
p
hi
te
 A
no
d
e
 C
a
p
7 4
A
no
d
e
 P
ie
c
e
s
(S
id
e
 a
nd
 T
o
p
 V
ie
w
s)
SH
EE
T 
1 
O
F 
1
SC
A
LE
: 3
:1
RE
V
D
W
G
.  
N
O
.
ASIZETITLE
:
N
A
M
E
D
A
TE
C
O
M
M
EN
TS
:
C
H
EC
KE
D
D
RA
W
N
2
1
A
no
d
e
SS
 3
16
N
ut
St
e
e
l
Sh
e
a
th
BN
 
Sp
a
c
e
r A
1m
m
 th
ic
k
BN
 
Sp
a
c
e
r B
1.
5 
m
m
 th
ic
k
BN
 
M
IT
 S
p
a
c
e
 P
ro
p
ul
sio
n 
La
b
o
ra
to
ry
D
. C
o
ur
tn
e
y
M
a
r. 
1,
 2
00
7
A
ll 
d
im
e
ns
io
ns
 in
 m
m
M
a
te
ria
ls 
a
s 
in
d
ic
a
te
d
M
FG
 A
PP
R.
S
ol
id
W
or
ks
 S
tu
de
nt
 E
di
tio
n.
 F
or
 A
ca
de
m
ic
 U
se
 O
nl
y.
176
Appendix D
MiNTS Center of Mass Matlab
Code
This Matlab code calculates the center of mass of the floating section of the MiNTS.
%Center of Mass of thrust stand (floating section)
%x = 0 is the centerline of the central pivot
%Ideally the output of the program is x = 0 meaning the
%center of mass lines up with the central pivots. Note
%that center of masses of the components are estimated
%such that the ammount of counterweight predicted by
%this program is not exact and is usually a little low.
%Also, have the center of mass below the pivots is
%preferred to having it above as the latter is
%inherrently unstable.
%units in inches and kg
%cathode
x1 = 13.495;
m1 = .214;
177
%cathode plate
x2 = 11.895;
m2 = .19;
%DCFT
x3 = 7.795;
m3 = 1.55;
%telfon pad
x4 = 4.785;
m4 = .296;
%ceramic spacers
x5 = 4.025;
m5 = .076;
%top plate
x6 = 3.4625;
m6 = .084;
%t-clamp
x7 = 2.7;
m7 = .07;
%thrust stand leg top
x8 = 1.5;
m8 = .075;
%thrust stand leg bottom
x9 = -4.5;
m9 = .224;
%VC magnets
x10 = -5;
m10 = .062;
%counterweight
x11 = -10.225;
m11 = 1.66; %change as necessary
178
%brackets/foil
x12 = -10.6;
m12 = .034;
%bottom plate
x13 = -10.9125;
m13 = .084;
M = m1 + m2 + m3 + m4 + m5 + m6 + m7 + m8 + ...
m9 + m10 + m11 + m12 + m13;
x = (x1*m1 + x2*m2 + x3*m3 + x4*m4 + x5*m5 + x6*m6 + x7*m7 + ...
x8*m8 + x9*m9 + x10*m10 + x11*m11 + x12*m12 + x13*m13)/M;
179
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Appendix E
MiNTS Control Box Wiring
Figure E-1: The wiring diagram for the Control Box. Connected wires form ‘T’s.
Wires passing over each other form ‘+’s. Connected wires are also labeled ‘a’ through
‘o’. Also, note the 0.047 millifarad capacitors from AI0 to ground.
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Appendix F
Printed Circuit Board
Modifications
In order to be used with the Control Box, the printed circuit boards for the voice
coils need to be slightly modified. This requires severing an electrical connection on
each side of the board as well as creating a new connection on each side as shown in
Figures F-1 and F-2.
183
(a) Unaltered PCB front. (b) Modified PCB front.
Figure F-1: Front of the printed circuit board.
184
(a) Unaltered PCB back. (b) Modified PCB back.
Figure F-2: Back of the printed circuit board.
185
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Appendix G
MiNTS Setup Procedure
This appendix describes the process for setting up and running the MiNTS during a
test campaign. The necessary equipment includes: the MiNTS, the DCFT, the BHC-
1500 neutralizer, counterweight, the Control Box, the 9-pin vacuum port, two 9-pin
cables, one USB A/B cable, and a computer running the thrust stand control VI.
The 9-pin connector inside the ASTROVAC chamber needs to be shielded to prevent
unwanted interference from the plasma during testing. The 9-pin vacuum port is
necessary even if MiNTS testing occurs outside the vacuum chamber as the port flips
all the channels for communication with the thrust stand. The necessary amount of
counterweight for the cathode and DCFT described in this thesis is 1.676 kg.
Once the DCFT and counterweight have been positioned on the MiNTS and all
external connections to the MiNTS have been made, the DAQ USB cable should be
connected to the computer; and the 9-pin cable should be connected to the Control
Box. The power cord for the Control Box should also be connected to a power
outlet, and then the switch should be flipped to the “on” position. The MiNTS
is now ready for a diagnostic check. This check should be performed before every
calibration to ensure the MiNTS is working properly and that the LVDT position is
within the proper range. To begin the diagnostic test, open the National Instruments
Measurement & Automation Explorer located on the desktop. Select the Devices and
Interfaces dropdown menu on the left, and then select the appropriate DAQ. Click
on the Test Panels button at the top center to open the test panel window. First,
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go to the Analog Output tab and set the signal for both channel “ao0” and channel
“ao1” to 2.5 V, and click Update so that both voice coils are producing no force. The
Update button must be clicked every time the signal is changed. The channel can
be changed using the Channel Name drop down menu. The National Instruments
Measurement & Automation Explorer is shown in Figure G-1, and the test panels are
shown in Figure G-2.
Figure G-1: The Measurement & Automation Explorer.
On the Analog Input tab, select channel “ai1” and set the mode to “continuous.”
This channel monitors the signal coming out of the primary amplifying circuit. Pro-
ceed by clicking the Start button. The signal should be approximately 0 V. Go back
to the Analog Output tab and update the voltage of “ao0” to 5 V. On theAnalog Input
tab, the signal should read 0.7 to 0.8 V if the current sensor is being bypassed, or
about 0.1 V if the current sensor is not being bypassed. Update the output of “ao0”
to 0 V. The input signal should now be about -0.7 to -0.8 V if the current sensor
is being bypassed, or -0.1 V if it is not. Finally, change the output voltage back to
2.5 V, and the input signal should be 0 V again.
Perform the same test with input channel “ai3” and output channel “ao1.” There
is no current sensor for the secondary amplifying circuit, so the input signal should be
0.7 to 0.8 V for an output voltage of 5 V, and -0.7 to -0.8 V for an output voltage of
0 V. If either “ai1” or “ai3” is receiving an incorrect input voltage, the signal can be
adjusted using the screw on the blue potentiometer on the corresponding amplifying
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Figure G-2: The Analog Input and Output tabs in the DAQ test panel.
circuit.
Finally, the input from the LVDT should be checked. Ensure that both “ao0” and
“ao1” are set to 2.5 V. Change the Analog Input tab channel to “ai0” to monitor the
LVDT position. Tap the MiNTS lightly so that it oscillates. The LVDT signal should
fluctuate and then settle. If the LVDT signal takes a long time to settle, it is possible
that there is an incorrect amount of counterweight or the MiNTS is not on a stable
platform. The value of the signal should be as close to 0 V when the MiNTS settles.
This ensures that the signal is not too close to the limits of the LVDT which could
cause erroneous signals during testing. The signal can be adjusted by either slightly
moving the counterweight on the bottom plate to adjust the horizontal center of mass
of the stand or by physically adjusting the position of the LVDT housing until the
signal is close to 0 V. This completes the diagnostic test of the MiNTS.
With the diagnostic test complete, the MiNTS is ready to begin recording data.
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Open the thrust stand control VI and ensure that all the channels are correct. Also,
both voice coil controls should be off (the buttons in both voice coil control tabs
should be red). After the program is started, both voice coil controls should be
activated, and the PID loop will begin maintaining null balance operation. During
testing when the signal stabilizes, data is ready to be recorded. It is important to
note that the PID gains are not fully optimized and that optimization will probably
reduce the amount of time necessary to reach stability. The gains are located under
the PID Configuration tab.
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Appendix H
Labview Virtual Instruments
This appendix contains all of the front panels and block diagrams of the Labview VIs
used for the MiNTS, thermocouples, and DCFT.
H.1 Thrust Stand Control and Supporting VIs
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Figure H-1: Front panel of the thrust stand control VI. The VI is named MIT-SPL
Thrust Balance 5-3 and is located in E:\Randy Leiter\MIT-SPL on the laboratory
computer. The device number on the DAQ Configuration tab refers to the number
assigned to the DAQ by Labview. The input channels 0 to 2 correspond respectively
to the LVDT position, the primary voice coil voltage, and the primary voice coil
current (if applicable). Channel 3 corresponds to the secondary voice coil voltage but
is not recorded. The output channels 0 and 1 correspond to the signals sent to the
primary and secondary voice coils, respectively.
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Figure H-2: The initializing stacked sequence block diagram of the thrust stand
control VI begins the program and initializes the DAQ channels.
193
Figure H-3: The main loop in the block diagram of the thrust stand control VI
processes the signals from the DAQ and sends signals back to the MiNTS to maintain
null balance operation. The main loop has several subVIs that execute commands.
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Figure H-4: The secondary loop in the block diagram of the thrust stand control VI
adds the phase delay to the signal.
195
Figure H-5: The final stacked sequence block diagram of the thrust stand control VI
shuts down the system when the user stops the program.
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Figure H-6: The MIT-Header subVI within the thrust stand control VI.
Figure H-7: The DAQ Input from Balance subVI within the thrust stand control VI.
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Figure H-8: The MIT-Save point to file subVI within the thrust stand control VI.
Figure H-9: The PID Conditioning subVI within the thrust stand control VI.
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Figure H-10: The PID-Force Convert subVI within the thrust stand control VI.
Figure H-11: The SPL-Voltage Math subVI within the thrust stand control VI.
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H.2 Thermocouple VI
Figure H-12: Front panel of the thermocouple VI. The VI is named Thermocouple
TBv2 and is located on the desktop of the laboratory computer. The input channels
on the BNC must be placed in differential mode. The CJC value can be adjusted if
the measured temperature is off by a constant during thermocouple calibration.
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Figure H-13: The block diagram of the thermocouple VI.
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H.3 DCFT Control VI
Figure H-14: Front panel of the DCFT (and cathode) control VI. The VI is named
DCFT SingleTabTS and is located on the desktop of the laboratory computer. The
channels correspond to the GPIB controlling the power supplies for the anode and
cathode keeper and the communications ports for the anode and cathode fuel flow
controllers.
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Figure H-15: Block diagram of the DCFT control VI part 1.
203
Figure H-16: Block diagram of the DCFT control VI part 2.
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Appendix I
Error Analysis Equations
This appendix provides the equations used to calculate the standard error for the
performance results. Variables with a ‘ˆ’ or ‘ste()’ signify the standard error of that
variable.
From the calibration data, a linear fit is calculated using linear least squares regression
to provide linear coefficients ‘a’ and ‘b’ to approximate the relationship between the
force ‘F’ and the voice coil signal ‘V.’
V = aF + b (I.1)
The sum of the squared error terms for least squares can then be calculated.
SSE = Σe2i (I.2)
Then, the variance of the error terms.
s =
√
SSE
N − 2 (I.3)
The variance of the error terms is used to calculate the standard error of the linear
coefficients where x¯ is the average of the ‘x’ variables from the linear regression, in
this case ‘F’.
aˆ = s
√
1
N
+
x¯2
Σ(xi − x¯)2 (I.4)
bˆ =
s√
Σ(xi − x¯)2
(I.5)
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The linear fit equation is rewritten since, during testing, the voice coil signal is pro-
vided and the force needs to be estimated.
F =
V
a
− b
a
(I.6)
The standard error of the voice coil signal is calculated from the recorded data and is
used along with aˆ and bˆ to calculate the errors of the two terms in the force estimation
equation.
ste
(
V
a
)
=
V
a
√√√√( Vˆ
V
)2
+
(
aˆ
a
)2
(I.7)
ste
(
b
a
)
=
b
a
√√√√( bˆ
b
)2
+
(
aˆ
a
)2
(I.8)
Through error propagation, the standard error of the force is calculated.
Fˆ =
√√√√√√
V
a
√√√√( Vˆ
V
)2
+
(
aˆ
a
)2
2
+
 b
a
√√√√( bˆ
b
)2
+
(
aˆ
a
)2
2
(I.9)
The standard errors of specific impulse and efficiency can also be calculated through
error propagation.
Iˆsp =
F
m˙g
√√√√( Fˆ
F
)2
=
Fˆ
m˙g
(I.10)
ηˆ =
F 2
2m˙P
(
2
Fˆ
F
)
=
FFˆ
m˙P
(I.11)
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Appendix J
Performance Data
Table J.1: All data points recorded during DCFT performance testing. All data
provided refers only to the anode.
Flow [sccm] Voltage [V] Current [A] Power [W] Thrust [mN] Isp [s] η[%]
4 400 0.119 48 3.5 911 32.8
4 450 0.116 52 3.7 961 33.3
4 500 0.191 96 4.9 1276 32.1
4 550 0.216 119 5.6 1456 33.7
6 250 0.310 78 4.9 850 26.3
6 300 0.210 63 4.7 806 29.1
6 350 0.209 73 4.9 845 27.6
6 400 0.234 94 5.5 951 27.4
6 400 0.218 87 5.0 859 24.0
6 400 0.221 88 4.9 845 22.9
6 400 0.241 96 4.6 800 18.8
6 400 0.217 87 4.7 821 22.0
6 400 0.249 100 5.4 932 24.7
6 450 0.219 99 5.3 915 24.0
6 500 0.352 176 6.1 1058 18.0
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Table J.2: Data table continued.
Flow [sccm] Voltage [V] Current [A] Power [W] Thrust [mN] Isp [s] η[%]
7 200 0.469 94 6.1 910 29.1
7 250 0.431 108 6.5 959 28.2
7 300 0.451 135 6.5 967 22.8
7 350 0.291 103 6.2 916 26.9
7 350 0.304 108 6.2 922 26.0
7 400 0.294 118 6.8 1005 28.3
7 400 0.312 125 6.5 967 24.7
7 450 0.308 139 7.4 1103 29.0
7 500 0.322 161 8.0 1189 29.0
7 550 0.483 266 9.5 1414 24.8
8 250 0.620 155 7.55 976 23.2
8 300 0.544 163 7.5 978 22.1
8 350 0.446 156 6.9 897 19.5
8 400 0.422 169 8.8 1144 29.3
8 400 0.400 160 6.9 897 18.9
8 400 0.416 167 7.5 976 21.6
8 400 0.392 157 8.3 1078 27.6
8 400 0.415 166 9.2 1198 32.7
8 450 0.411 185 7.2 939 18.0
8 500 0.431 216 7.4 963 16.2
8 500 0.429 215 7.6 987 17.1
8.5 200 0.695 139 8.8 1071 33.1
8.5 250 0.753 188 10.4 1276 34.7
8.5 300 0.693 208 10.7 1314 33.2
8.5 350 0.592 207 10.5 1284 31.9
8.5 400 0.484 194 10.1 1239 31.7
8.5 450 0.471 212 11.3 1380 36.0
8.5 450 0.471 212 11.5 1410 37.6
8.5 450 0.467 210 11.7 1436 39.3
8.5 500 0.484 242 12.0 1469 35.7
8.5 500 0.489 245 11.9 1449 34.4
8.5 550 0.616 339 14.2 1734 35.6
10 400 1.078 431 15.9 1654 29.9
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